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The lack of published thermodynamic data for metal 
arsenate complexes has made the interpretation of the 
behavior of arsenic in natural waters uncertain. In this 
study, arsenate complexation constants were estimated in 
order to allow arsenate mineral solubilities to be 
calculated and to determine the process or processes that 
limit dissolved As concentrations in the environment, with 
emphasis on the subsurface waters at the Sharon Steel 
superfund site Midvale, Utah.
Using the Brown-Sylva Electronicity Principal model and 
graphical correlation techniques, log Kassoc values were 
estimated for a variety of aqueous arsenate complexes that 
have not been reported in the literature. Results of MINTEQ 
modeling showed that for the Sharon Steel ground waters the 
complexes MgHAs04°, MgAs04’, CaHAs04°, CaAs04', and MnHAs04° are 
the most important, with log Kassoc estimates of 2.86±0.63, 
6.35±0.26, 2.6910.79, 6.2210.23, and 3.7410.17 respectively, 
at 25°C and 1 bar pressure. Uncertainties were calculated by 
comparison of estimates to measured values for the phosphate 
and sulphate systems. The above complexes, comprise roughly 
half of the dissolved arsenate in the Sharon Steel 
subsurface waters.
Asssuming these values, data from the literature, and 
considering arsenate complexation and activity coefficient
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effects, Ksps of 29.44 ±0.44, 37.18 ±0.65 and 25.87 ±0.18 
were calculated for sterlinghillite (Mn3(As04)2) , Pb3(As04)2/ 
and scorodite (FeAs04«2H20) , respectively. Uncertainties are 
based on the error associated with the complex stabilities. 
Using graphical correlation, and the pKsp of scorodite, a 
pKsp of 22.7 ±1.07 was estimated for mansfieldite (A1As04# 
2H20), where the uncertainty is based on the error 
associated with the linear regression line and the pKsp of 
scorodite. Assuming these values, pure arsenate mineral 
control of As has been shown to be unlikely under most 
environmental conditions.
Within the subtailings aquifer at the Sharon Steel 
Superfund site, and in other environments, sediment As 
concentrations correlate strongly with those of iron 
suggesting that an Fe (OH) 3-FeAs04 solid-solution limits 
dissolved As concentrations. The distribution of arsenate in 
both experimental systems and in natural waters was found to 
be consistent with the predictions of two different solid- 
solution models. The solubility of the Fe(0H)3-FeAs04 solid- 
solution written as:
[FeAs04]x[Fe(0H)3]1.x = Fe3+ + xAs043' + (3-3)xOH‘ 
is pH dependent, and may be predicted using the equation; 
pKss = 3•35pH + 8.45, where x = 2.39 -0.30pH. At lower 
arsenic levels (less than 25 mg/kg), the Fe-As correlation 
is weak, indicating that a less iron-specific control such
T-4128
as sorption may control As in the deeper parts of the 
subtailings aquifer, and in similar environments where As 
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1.1 Purpose of the Current Study
The Sharon Steel CERCLA (Superfund) site is located 12 
miles south of Salt Lake City just east of the town of 
Midvale, Utah. The site consists of a 260 acre mill site 
containing 14 million cubic yards of fine grained tailings 
accumulated over a period of 66 years. Until 1971, the mill 
processed ores of lead, zinc and copper by extracting 
sulfide concentrates of these metals. An assessment of the 
site by the U.S. Environmental Protection Agency (EPA) was 
completed in early 1984. The EPA field investigation team 
documented unnaturally high concentrations of arsenic, 
cadmium, lead, chromium and iron in the tailings waters and 
underlying groundwaters.
On October 15, 1984 EPA submitted the site for the 
National Priorities List (NPL) under the Comprehensive 
Environmental Response and Recovery Cleanup Act (CERCLA). 
After 1984 several studies were conducted that prompted EPA 
to pursue several Potentially Responsible Parties (PRPs) to 
pay for the cleanup costs (JMM 1985, CDM 1988, CDM 1990).
One principal PRP, the Atlantic Richfield Corporation
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(ARCO), initiated a legal defense in 1990. A key issue in 
the case was the predicted fate and transport of arsenic in 
the tailings and groundwater system. Due in part to a lack 
of reliable thermodynamic data for arsenic, the problem 
could not be resolved. EPA's prime contractor, Camp Dresser 
and McKee - Federal Programs Corporation (CDM-FPC), 
contended that As concentrations were controlled by sorption 
on the tailings and geological materials and that given the 
limited number of sorption sites on the subsurface 
materials,the sites would become saturated, and arsenic 
break-through into the groundwater would occur. In other 
words, after the sorption capacity of the geologic materials 
was exceeded the As would no longer be adsorbed, and could 
travel greater distances from the site. ARCO's contractors 
argued, however, that arsenic concentrations were and would 
continue to be limited by the solubility of the mineral 
scorodite (FeAs04« 2H20). CDM countered that due to the 
possible formation of arsenic fluoride complexes scorodite 
would remain undersaturated. However, ARCOs contractors 
questioned the validity of the thermodynamic data for these 
complexes.
Objectives of the current study include: 1) to attempt 
to resolve the controversy by updating the thermodynamic
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data for arsenic, 2) to determine the state of redox 
equilibrium (or disequilibrium) in the system; and 3) to 
establish if mineral precipitation, coprecipitation or 
adsorption controls As concentrations at the site.
1.2 THE THERMODYNAMICS AND GEOCHEMISTRY OF As
Arsenic is a relatively rare element in the natural 
environment. Igneous rocks, limestones and sandstones 
typically contain only about 1 ppm As, whereas shales and 
soils contain 5-10 ppm As. Rainwater and groundwater 
average about 1 ppb As while sea water, river water and 
lakes contain about 2, 0.2-15 and 1-50 ppb respectively 
(Onishi 1969).
Human activities that have increased As levels in the 
environment include: the use of As-based pesticides and 
herbicides (Woodward 1960), mining and milling activities 
(CDM-FPC 1990) and the release of waste streams from various 
industrial processes, including the production of certain 
types of wood preservatives (Browning 1969) and paper (CDM 
1991).
Over the past 20 years several studies have been 
conducted that address the geochemistry of arsenic in the
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environment. Arsenic has been studied in polluted river 
water (Wilson and Hawkins, 1978; Holm et al., 1979; Mok et 
al., 1988; Chunguo and Zihui 1988), groundwater (Gulens et 
al., 1979; Robertson 1989) in soil (Hess and Blanchar, 1977; 
Livesey and Huang, 1981; etc.) in lakes (Ferguson and Gavis, 
1972) and in sea water (Pilipchuk, 1974; Andreae, 1979). In 
these studies, the aqueous complexes of arsenate have been 
assumed to consist of only the arsenic acid species. The 
dissociation constants of arsenic acid have been determined 
by numerous investigators, (Agafonova and Agafonov 1953, 
Mader 1958, Flis et al. 1959, Salomaa et al. 1964, Sellers 
et al. 1964, and Khodakovski et al. 1968), and the values 
are well accepted (See Table 3.1). Figure 1.1 is a 
predominance diagram that illustrates the relative 
importance of the As-acid species with respect to the Eh and 
pH of the environment. The diagram has been constructed 
using average values for the dissociation constants of the 
As-acid species obtained from the studies listed above, and 
as reported in Smith and Martell's (1976) critical 
evaluation of the literature.
Although arsenic has oxidation states of -3,0,+3 and 
+5, only As(III) and As(V) are important under most Eh-pH 
conditions in natural waters. Under oxidizing conditions
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As(V) is prevalent, with H2As04* and HAs042‘ being the most 
abundant species at near neutral pH. In some environments, 
such as in alkaline lakes or acid mine drainages As043' and 
H3As04° species predominate. Under slightly reducing 
conditions and pH below about 9, H3As030 is the most abundant 
inorganic As species. When organics are present in the 
system monomethyl arsenic acid CH3As(OH)2 and dimethyl 
arsenic acid (CH3)2AsOOH may be present. Under extremely 
reducing conditions arsine, AsH3, dimethyl arsine and 
trimethyl arsine may occur as dissolved gases in natural 
waters. Each of these arsenic species behaves differently 
with respect to adsorption, precipitation and 
coprecipitation phenomena as well as displaying varying 
degrees of toxicity. For instance, H3As03 is 60 times more 
toxic to humans than HAs042* (Hounslow, 1980) as well as 
being 4-10 times more mobile (Duel and Swoboda, 1972).
In addition to the arsenic acid species, stability 
constants have also been determined for the fluoroarsenates 
(Dutt and Gupta, 1961) and the ferric arsenates (Glastras, 
1988; Robins, 1990). However, these values are not known 
with the same degree of certainty as the arsenic acid 















4.00 8.00 12 .0 0
p H
FIGURE 1.1
Eh-pH Diagram for the As-02-H20 System at 25°C and 1 bar 
pressure. Total As equals 10~*M.
Thermodynamic data taken from Smith and Martell (1976), and 
Wageman et al. (1982).
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evaluate the reliability of the existing data and to 
estimate stability constants for additional species likely 
to be important in natural waters and in the treatment of 
experimental mineral solubility data.
Solubility product constants (Ksp's) have been 
determined for a large number of arsenate compounds. 
Chukhlantsev (1956) conducted the first extensive study of 
metal arsenate solubilities. His work is frequently quoted, 
even in recent literature. However, Chukhlantsev's 
experimental methods have been found inadequate based on 
current standards (Nordstrom and Parks, 1987). More recent 
solubility studies have been conducted for the arsenates of 
Fe3+ (Dove and Rimstidt, 1985; Krause and Ettel, 1988;
Robins, 1990) Mg2+, Ca2+, Ba2+, Sr2+ (Nishimuna and Tozawa, 
1978) Zn2+, Pb2+, Cu2+ (Magalhaes and Pedrosa De Jesus, 1988) 
and for many other compounds (Naumov, 1974; Sadiq et al.,
1983) . A complete listing of the current solubility data is 
presented later. Unfortunately, the vast majority of 
published Ksp values has been calculated assuming that only 
arsenic acid species are important. Another goal of the 
current study is to determine which arsenate compounds are 
likely to be important in natural waters based on Ksp values
T-4128 8
for these phases which have been corrected using estimated 
complex stability constants and published raw data.
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2.0 METHODOLOGY
Study goals made it necessary to conduct an extensive 
literature search to compile and critically evaluate the 
available thermodynamic data for arsenic. Equilibrium 
constants for both complexes and minerals (Log K(assoc) and Log 
Ksp respectively) were sought. Estimates were made of 
constants that have not been reported in the literature and 
of values that appear erroneous. Prior to calculating the 
estimates the relative importance of each species or mineral 
was estimated. Thus, time was not wasted considering 
minerals or species deemed unimportant given the composition 
of natural waters, and the chemical characteristics of As 
and its direct analogy with corresponding species and 
minerals of ligands such as phosphate for which adequate 
data are available. Data obtained at ionic strengths (I) 
greater than zero were extrapolated to infinite dilution 
when I was small. The computer codes MINTEQ (Felmy et al.
1984) and PHREEQE (Parkhurst et al. 1980) were used to 
perform these calculations. Once the thermodynamic data had 
been selected or estimated, they were entered into the 
databases of PHREEQE and MINTEQ to be used in subsequent
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applications relating to the geochemistry of arsenic at the 
Sharon Steel facility. The calculations performed by 
PHREEQE and MINTEQ are quite similar; however, each 
possesses certain strengths and weaknesses that makes one 
program superior to the other when performing certain tasks. 
Therefore, it is appropriate at this point to discuss the 
calculations performed, the limitations of, and assumptions 
inherent to each code as well as to point out the important 
differences making one code preferable to the other for 
certain applications.
Both MINTEQ and PHREEQE assume that the system under 
study is at equilibrium. A series of algebraic equations 
based on thermodynamic relations and mass and charge balance 
expressions are solved using an iterative approach. 
Initially, both programs assume all activity coefficients 
are equal to unity. Activities of various complexes and ion 
pairs are then calculated by solving a series of 
simultaneous equations relevant to each species (equilibrium 
constant expressions). For instance, given the general 
reaction;
aA + bB -*■ cC + dD 
the equilibrium expression is:
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K = [C]c [D]J 
[A]* [B]»
Where K is the equilibrium constant, and brackets denote the 
activities of species A - D. Lower case letters are the 
stoichiometric coefficients of the respective species.
Other reactions are solved simultaneously with mass and 
charge balance equations to yield species activities. Once 
the concentrations of the complexes and ion pairs have been 
estimated an ionic strength is calculated using the 
expression:
I = Vz 2 z2 C
where C is the concentration of the ionic species in the 
solution and z is the charge on the species.
The ionic strength is then used to calculate activity 
coefficients (7) for each aqueous species using the extended 
form of the Debye-Huckel expression, which is:
. -A z2 r/2log y = 1+ B a I V2
where A and B are constants that depend on the dielectric 
constant and temperature, and a is the ion size parameter.
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When values of a and b are not available in the database the 
Davies equation may be used, which is expressed as follows:
l o g  Y  =  - A z 2 [ ( - ^ - )  -  0 .3 H  
l + I 1/2
Activity coefficients are then used to calculate new 
activity guesses (a) through the definition:
a = C y
The activity guesses are then re-entered into the equations 
and a new ionic strength is obtained. The process is 
repeated until the change in activities between iterations 
becomes negligible. If the temperature of the system 
differs from 25°C, then new equilibrium constants are 
calculated using an empirical temperature function of the 
form:
log Kx = A + BT + C/T + D log (T) + ET2 + F/T2 + GT*
Where KT is the logarithm of the equilibrium constant, T is 
the temperature of the system in degrees Kelvin and A-G are
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experimentally determined constants. In cases where an 
empirical function is not available, the Van't Hoff equation 
can be used, provided enthalpy data (AHr°) are available.
The Van't Hoff equation is as follows:
AH,0 i ilog KT = log KT,---- —  (- - — )6 * r 2.303R T T,
where Tr is the reference temperature (298*15 K) and R is 
the gas constant. In the absence of data for aH,® the value 
of log K at 25° is used. While PHREEQE and MINTEQ both 
operate under the same basic principles described above, the 
exact manner in which the iterations are performed is 
slightly different. However, for the purposes of this study 
these differences are not important. Of much greater 
concern is the way in which each program handles redox 
reactions. In PHREEQE, the distribution of redox species is 
based on the pe of the system (usually input as Eh). pe is 
defined as the -log of the election activity, which allows 
solution of an expression of the form:
log K  . B M !
[x“]
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where [xm] is the activity of the reduced species, [xm+n] is 
the activity of the oxidized species, n is the number of 
electrons transferred in the reaction and m is the charge on 
the reduced species.
While it is important to realize that free electrons 
cannot exist in solution, one should understand that the 
above expression is only conceptual and used to simplify the 
calculations (Thorstenson, 1984). In the case of redox 
reactions the assumption of equilibrium is often unjustified 
(Lindburg and Runnells, 1984). In MINTEQ, this problem can 
be avoided (provided the analytical concentrations of the 
redox species are known) by entering each species 
concentration separately in the input file and instructing 
the code to fix the ratio for the redox pair of concern.
Other important differences between the two codes 
relate to the types of simulations that each will perform. 
For instance, MINTEQ is capable of modeling sorption onto 
any defined surface using one of six difference sorption 
algorithms. These include 1) the activity Kd model, 2) the 
activity Langmuir model, 3) the activity Freundlich model,
4) the ion exchange model, 5) the constant capacitance model 
and 6) the triple layer model. PHREEQE is unable to perform 
sorption modeling beyond simple ion exchange; however, it
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does have the advantage over MINTEQ of being able to 
simulate the mixing of two waters in any specified ratio.
In this study both PHREEQE and MINTEQ will be used with the 
choice depending on the task.
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3.0 AQUEOUS COMPLEXES OF ARSENATE
3.1 Determination of the Stability of Arsenic Complexes
The information available concerning arsenic 
complexation constants is quite limited, particularly for 
constants computed for infinite dilution at 25°C. A 
thorough search of the standard references (Sillen, 1964; 
Sillen and Martell, 1971; Truesdell and Jones, 1974; Smith 
and Martell, 1976; Ball et al., 1980; Hogfeldt; 1982; Wagman 
et al., 1982) has revealed few arsenic stability constants 
that are not currently within the MINTEQ and PHREEQE 
databases. Therefore, a more thorough literature search was 
conducted, the results of which are shown in Table 3.1. For 
the purposes of this study, pKa values of 2.24, 6.96, and
11.5 were used for K lf K2, and K3 respectively in the 
databases. These numbers represent the average of the 
critically evaluated data in Table 3.1, as reported by Smith 
and Martell (1976). Values obtained at high ionic strength 
have not been included, due to the difficulties in 
extrapolating the constants to 1=0 and the inaccuracy 
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within acceptable limits (KO.l monovalent, K.01 divalent, 
K.001 trivalent) the Debye-Huckel (D-H) equation was used. 
For ionic strengths slightly higher than applicable using 
D-H, an expanded form of the Debye-Huckel equation was used.
In the case of the fluoroarsenate complexes, HAs03F' and 
As03F2* (Dutt and Gupta 1961) , the authors did not consider 
ionic strength effects or the complexes HF2‘ and H2F2° when 
evaluating their experimental results. In addition, the 
acid dissociation constants they used for HF°, H3As04°,
H2As04' and HAs042‘ differ from the currently accepted values. 
In order to correct this problem, the ionic strength effects 
were considered for the following dissociation reaction:
HAs03F As03F2 + H +
using PHREEQE to calculate the speciated ionic strength. 
Activity coefficients for HAs03F' and As03F2‘ were then 
calculated using the extended Debye-Huckel equation. For 
the second reaction;
HF + H3AsQ4 - HAsOjF" + + H*
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the analytical concentrations of F', As043' and K+ were 
entered into PHREEQE along with the amount of HC1 added 
during the titration and the reported equilibrium constants 
for HAs03F' and As03F2' (as a first guess) . The resultant 
activities of HF, H3As04° and HAs03F* were then used along 
with the experimental pH after the titration to calculate a 
new log K. Once the difference in the log K between each 
iteration decreased to 0.003, convergence was assumed and a 
Log K (assoc.) of 0.57 was obtained.
The stabilities for the ferric arsenate complexes 
reported by Robins (1990) were assumed to be for infinite 
dilution (1=0) since the stability constants were computed 
from his reported Gibbs free energies. Unfortunately, due 
to the contractual obligations under which the research of 
Robins was conducted (Robins, 1991, written communication), 
detailed experimental procedures and raw data could not be 
obtained. Therefore the reliability of the values could not 
be evaluated.
Stabilities of alkali metal arsenate complexes have not 
been reported. In any case, the weak interactions between 
large monovalent cations and oxyanions (Langmuir, 1979) and 
the relatively low As concentrations found in natural 
systems suggest that these species are unimportant and need
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not be considered. However, the absence of empirical log K 
data for arsenic complexes of probable importance, and the 
questionable validity of some published values necessitate 
the use of a different approach.
3.2 Estimation of the Stability Constants of Arsenate 
Complexes
Complex stability estimation methods can be quite 
valuable both for determining unknown K's and for assessing 
the accuracy of reported values. When experimental 
stability constants differ significantly from estimates, it 
suggests that either the reported values are incorrect or 
that an improper assumption was made when estimating the 
value. In order to understand what assumptions can be made, 
it is necessary to first discuss the nature of complexes and 
the factors that determine the strength of interaction 
between cations and ligands. According to Langmuir (1979) 
the variables that affect the stability of aqueous complexes 
include the following:
the oxidation number of the addends
the bond distance between the cation and ligand
the degree of covalency of the bond in the complex
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the number of ligands coordinating the cation in the 
complex
the packing arrangement of cations and ligands in 
the complex
• the polarizability or deformability of the electron 
cloud surrounding the addends
ligand field effects (transition metal complexes 
only)
In aqueous systems the formation of complexes requires 
that ligands compete with H20-cation complexes. In general, 
most divalent and the smaller monovalent cations form aquo - 
complexes, while small trivalent and higher-valent cations 
form OH' or 02' complexes. As5+ is an example of a small 
highly charged cation that forms strong covalent bonds with 
02' such that As043* remains intact in reactions that form 
larger complexes. In order for HnAsO '̂3 species to form 
complexes with a cation, water molecules and or OH' ions 
must first be displaced from the inner or outer hydration 
sphere of the cation. The inner sphere consists of highly 
ordered water molecules oriented with their oxygen atoms 
facing the cation, while the outer or secondary hydration 
sphere consists of a less ordered arrangement of H20 
molecules (Bockris and Reddy, 1973). When inner sphere
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water is displaced by a ligand, the complex is said to be 
inner sphere. Whereas the displacement of outer hydration 
sphere water molecules results in outer sphere complexes or 
ion pairs. However, it should be understood that the 
distinction between inner and outer sphere is not absolute 
and that most complexes exhibit both inner and outer sphere 
bonding in various proportions.
Ion pairs generally form between alkali metal or 
alkaline earth cations and strongly electronegative anions 
such as S042' or HC03‘. Pauling (1960) defines 
electronegativity (EN) as "the power of a neutral atom to 
attract electrons." In addition, Pauling states that when 
the difference between the electronegativity of the cation 
and ligand is less than 1.7, covalent bonding predominates 
and when the difference exceeds 1.7 ionic bonding is more 
important. Therefore when the AEN is large the complex 
tends to be outer sphere. The distinction between inner and 
outer sphere complexes is important when estimating log 
K(assoc.) values. With outer sphere complexes the ligand does 
not come in contact with the electron cloud of the cation, 
therefore the electronic configuration of the atom is hidden 
and only coulombic forces operate. Thus, the distance of 
approach and charge prove to be the most important
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parameters controlling the stability of ion pairs. In many 
cases, the stability of ion pairs is proportional to the 
charge divided by the atomic radius (z/r). Inner sphere 
complexes, however, are influenced by additional factors 
such as the polarizability (or deformability) of the species 
involved and in the case of transition metal complexes, 
ligand field stabilization energy (LFSE) effects. 
Polarizability refers to the degree of separation between 
positive and negative charge within a species in response to 
an electric field. Polarizable species are more easily 
deformed by other species than are non polarizable or weakly 
polarizable species. Pearson and Ahrland (1973) refer to 
strongly polarizable species as "soft" and weakly 
polarizable species as "hard." In general, hard cations 
tend to form their most stable complexes with hard ligands 
while soft cations complex most strongly with soft ligands. 
When both the cation and ligand are hard, bonding tends to 
be electrostatic in nature, especially when the cation is 
monovalent or divalent. Hard trivalent cations such as Fe3+ 
and Al3+ appear to demonstrate a significant covalent 
character when complexed with hard ligands such as HP042' 
(Langmuir, 1979). Soft cations tend to form covalent bonds 
with soft ligands, although, exceptions exist. Pearson and
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Ahrland's classification scheme can be used to make general 
predictions concerning the importance of various complexes 
or to evaluate the likelihood of proposed complexes. A 
different but related classification scheme for cations was 
introduced by Schwarzenbach (1961) and consists of A, B and 
C cation groups. Groups A and B roughly correspond to 
Pearson and Ahrland's hard and soft groups respectively, 
while group C consists of the transition metals. An 
important distinction between the two classifications is 
that Schwarzenbach's groupings are based on the electronic 
configuration of the atoms, while Pearson and Ahrland's 
system is based on the behavior of the ions. A summary of 
the species contained in each group for both systems is 
shown in Table 3.2. The transition elements are 
characterized by the presence of 1-10 3d electrons. As the 
number of 3d electrons increases from 1 in Sc to 10 in Zn, 
and the atomic numbers increase from 21 to 30 the electron 
cloud of the atom becomes increasingly drawn in toward the 
nucleus, resulting in increasingly smaller atomic radii. 
Therefore, the stability of the complexes formed with each 
cation of the series should tend to increase when moving 
from Ca2+ to Zn2+ across the periodic table. As mentioned 
previously, the stability of complexes is proportional to
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z/r for coulombic type interactions, therefore, one might 
assume that the transition metal ions should be classified 
as hard spheres or group A cations. However, it has been 
found that an important non-coulombic force tends to 
stabilize complexes of Sc, Ti, V, Cr, Fe, Co, Ni and Cu 
above what might be expected based on coulombic arguments 
(Mn and Zn are notable exceptions). The result is that for 
many ligands K varies as follows: Ca<Sc<Mn<Fe<Co<Ni<Cu>Zn,
and is known as the Irving-Williams order (IWO). The IWO 
results from LFSE effects. In atoms where the 3d subshell 
is either empty, full, or half full the electrons are 
distributed equally among the five different orbitals of the 
3d subshell as is the case with Ca, Mn and Zn respectively. 
However when the 3d subshell is only partially full the 
electrons are preferentially distributed to the lowest 
energy geometries, which usually results in enhanced 
stability for complexes involving these ions, compared to 
Ca, Mn, and Zn. Complexes that have a significant degree of 
outer sphere character such as those of F* are not 
stabilized by LFSE effects and do not obey the IWO. An 
important application of the IWO is in the evaluation of 
reported complex stability constants. In cases where 




IWO (and in covalently bonded complexes they are expected to 
do so) it suggests that the data are incorrect, assuming no 
changes in coordination in the complex. When the degree of 
inner sphere bonding is unknown, the adherence or lack of 
adherence to the IWO (or lack of dependence on a EN) can aid 
in determining if the complex is a true complex (inner 
sphere) or an ion pair, which is an important consideration 
when choosing a method for estimating stability constants.
Complex estimation methods can be described as 
statistical and non-statistical. With the statistical 
approach, unknown stability constants are determined by some 
type of correlation with known constants or an empirical 
function derived from known association constants and 
physical characteristics such as the degree of covalent 
bonding. For example, Drago et. al (1973) have related log 
K(assoc) to an empirical function including terms for the 
contributions of covalent and ionic bonding for the cation 
and ligand involved. Van Panthaleon Van Eck (1953) 
developed an empirical relationship between the stepwise 
association constant, the first association constant and the 
number of coordinating ligands at each step for a given 
metal-ligand system. In addition, Marsicano and Hancock
(1978) and Langmuir (1979) have used a remarkably simple
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correlation between log K(assoc) for one ligand or cation system 
against log K(assoc) for a second system with a common 
component. Correlations of this type include Log K(assoc) of 
trivalent iron species vs. the corresponding trivalent 
aluminum species, or between the metal sulfate species and 
corresponding metal selenates. While statistical estimation 
techniques provide a simple means for obtaining reliable 
K(assoc) values, they often cannot be applied to systems for 
which little or no data are available. When considering 
systems for which there is not enough data to obtain a 
reliable correlation, a non-statistical approach may be 
necessary. Non-statistical methods relate log K(assoc) or the 
Gibbs free energy to physical parameters of the cation 
and/or ligand. Non-statistical methods abound for ion 
paris, most of which relate log K(assoc) to a function involving 
the valence (z) and the ionic radius (r). Examples include 
the electrostatic model (Dennison, 1955, Fuoss, 1958) the 
Bjerrum model (Fuoss, 1933; Robinson and Stokes, 1959) and 
the Fuoss model (Fuoss, 1958). Although these models can be 
used to obtain relatively accurate log K(assoc) values for pure 
ion pairs, the reliability of the methods decline as the 
covalent character of the bonding increases (Langmuir,
1979). Non-statistical methods that apply to complexes with
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covalent character include the Q index method of Nieboer and 
McBryde (1973) and the Electronicity Principle of Brown and 
Sylva (1986) (BSEP method). In the Q index method a function 
called the Q index is related to log K(assoc). Q is a quantity 
dependent on the electronegativity, ionic charge and atomic 
shielding constant of the metal ion, and has been found to 
be directly proportional to log K(assoc). In the BSEP method 
log K(assoc) is related to a term referred to as electronicity, 
which is determined from the acid dissociation constant of 
the ligand and characteristics of the metal ion, such as the 
valence, ionic radius, number of electrons in the d orbital, 
etc.
In the current study a number of estimation methods are 
attempted in order to obtain results for comparison. In 
addition, estimates are made to compare with empirical K(assoc) 
values for the phosphate complexes (which are similar to the 
arsenate complexes) in order to assess the reliability of 
each method. The techniques chosen for this study include 
the Fuoss model (Fuoss, 1958) the BSEP method (Brown and 
Sylva, 1986) and a graphic method similar to the correlation 
techniques of Mariscano and Hancock (1978), and Langmuir
(1979). The estimations are limited to complexes that are 
expected to be significant, based on the pH of natural
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waters and the stability of the phosphate analogue of the 
arsenate complex under consideration. The effect of pH on 
complex stability is that cations must compete with H+ for 
arsenate ligands; therefore, complexing is enhanced at the 
higher pH values. At low pH arsenate exists as H2As04* or 
H3As04° species, which form considerably less stable 
complexes than those formed with As043' or HAs042'. The effect 
of pH on the dominance of arsenate ligands is illustrated in 
Figure 3.1. Another consideration is the concentration of 
the complexing cation in natural waters. For instance, 
while it might be expected that a small trivalent cation 
such as Ga3+ forms strong complexes with arsenate, the 
importance of these species is negligible, due to the 
vanishingly small concentrations of Ga3+ in uncontaminated 
natural waters. Therefore, only complexes that are expected 
to be important will be considered, except for the purposes 
of examining trends in complex stabilities such as with the 
Irving Williams order.
3.2.1 Fouss Model
The Fuoss model was chosen for this study to determine 
logK(assoc) values for ion pairs because it is a non-statistical
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approach utilizing variables for which data are available.
In addition, Langmuir (1979) determined that of the 
electrostatic type models, the Fuoss model gave the best 
results for hydrogen phosphate ion pairs. The expression 
developed by Fuoss is as follows:
AG°(cal/mol) = -29200 - 1364 log d3 
- 4.241 X 10s [Z+ Z. /d] at 25°
Where AG°is the Gibbs free energy of formation of the ion 
pair in cal/mole, d is the sum of the crystallographic radii 
of the addends expressed in centimeters, and z + and z. are 
the charge on the cation and the ligand respectively. The 
constants in the expression are functions of the dielectric 
constant of water and temperature. Log K(assoc) estimates for a 
selected set of possible ion pairs obtained using the above 
equation and the expression -log K = AG°R/2.303 RT are shown 
in Table 3.3. Estimates for hydrogen phosphate ion pairs 
have also been made in order to judge the reliability of the 
hydrogen arsenate estimates. As043‘ complexes have not been 
considered using the Fuoss model due to the covalent 
character of complexes involving trivalent addends.
Estimates for the ion pairs of H2As04' could not be made
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directly, due to the fact that an ionic radius for this 
species could not be found in the literature. However, it 
may be assumed that H2As04* and HAs042* have essentially the 
same radii based on the extremely small size of a single 
proton. Thus, the stability estimates reported for HAs042‘ 
may also apply to H2As042'. Radii for HAs042' and the various 
metals were obtained from Marcus and Loewenschuss (1984) who 
obtained radii calculated from interatomic distances using 
the extended X-ray absorption fine structure (EXAFS) 
technique. The data of Marcus and Loewenschuss was used 
because the radius of HAs042' could not be found in more 
standard references such as Shannon and Prewitt (1969) or 
Shannon (1976), and the low uncertainties of the EXAFS 
technique (Marcus 1988). In general, estimates for the 
HP042' ion pairs appear to be low compared to the measured 
values (shown in Table 3.3). The differences between the 
estimates and the experimental values increase as the radius 
of the cation decreases, suggesting that important covalent 
character exists for ion pairs or complexes formed with the 
transition metals and the smaller alkaline earth cations.
The estimates may be valid for the H2As04' complexes, 
since monovalent-divalent interactions tend to exhibit more 
outer-sphere character than divalent-divalent interactions
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TABLE 3.3
Stability constants Obtained Using the FUOSS Model, 














Log K | 
(meas) 1 
MH*P0/ 1
PbHP04 6.36 -2419 1.77 3.10* 1.5*
CuHP04 5.46 -2587 1.90 4 • 07c 1.7C
ZnHP04 5.50 -2578 1.89 — —
MnHP04 5.66 -2542 1.86 — —
FeHP04 5.56 -2564 1.88 3. 6b 2.7*
MgHP04 5.44 -2592 1.90 2.91eb 1.51e
CaHP04 6.00 -2475 1.81 2 • 74c,d 1.04*
SrHP04 6.26 -2433 1.78 — —
BaHP04 6.72 -2374 1.74 — —
PbHAs04 6.56 -2392 1.75 — —
CuHAs04 5.66 -2542 1.86 — —
ZnHAs04 5.70 -2533 1.85 — —
MnHAs04 5.86 -2501 1.83 — —
FeHAs04 5.76 -2521. 1.85 — —
MgHAs04 5.64 -2546 1.87 — —
CaHAs04 6.20 -2442 1.79 — —
SrHAs04 6.46 -2405 1.76 — —
BaHAs04 6.92 -2353 1.72 — —
a Nriagu (1972a).
b Nriagu (1972b).
c Sillin and Martell. (1964).
d Chugtai et al. (1968).
e Kriss and Yatsimairskii (1968).
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(Langmuir, 1979). A comparison of the stability estimates 
for the HAs042' complexes with the measured values for the 
H2P04' species presented in the last column of Table 3.3 
reveals that the Fuoss model is more applicable to the 
H2As04' complexes than the HAs042' species.
3.2.2 Brown-Sylva Electronicity Principle
The inapplicability of the Fuoss model and the need to 
calculate log Ks for inner sphere complexes requires the use 
of a more general estimation technique that can take into 
account electrostatic and covalent bonding and LFSE effects. 
The Brown-Sylva Electronicity Principle (BSEP) approach 
meets these requirements, in addition to providing 
reasonably accurate estimates for complexes such as those of 
the metal hydroxides (Brown and Sylva 1985). The principal 
equations of the BSEP used in this study are as follows:
Log I W ,  = int + Sip [zm/r„2 + g2)] (3.1)
where, zm is the charge on the cation, and rm is the ionic 
radius of the cation in angstroms. Int! and Sip! are 
empirically determined by plotting log K vs g2 (zm/rm2 + g2) ,
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where Sip! and Intj refer to the slope and intercept of the 
resultant line, respectively. The terms gj and g2 are 
described by the following expressions:
g, = (1 + D + eL2 s) (zm + 2) (3.2)
g2 = g(n) (zm-l) - 0.05 d [(r-1) (£l4-3)-l) [n-(3 + 
2r)]2[l-7Zn,](l-s) (3.3)
where,
n = the principal quantum number
g(n) = Slater function equal to 1 when n is greater 
than unity
7 = the ligand parameter which is equal to 1 for
oxo-acids such as HAs04n*3 
d = parameter equal to 1 for transition metal
cations and 0 for all others, 
s = parameter equal to 0 or 1 depending on the
presence or absence of s-electrons in the 
outermost shell of the ion. 
d = the number of electrons in the d orbital (for
transition metals) 
sL = the electonicity of the ligand, which describes 
the "freeness" of the valence electrons.
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The concept of electronicity incorporates the hard and soft 
acids and bases concept of Pearson and Ahrland. Hard 
species have a low electonicity since they exhibit low 
polarizability and therefore they have high polarizing power 
of the valence shell electrons. Soft species, on the other 
hand, are easily polarized and have low polarizing power of 
their valence electrons. Thus soft species have high 
electronicity because the valence electrons are less 
influenced by the positive nuclear charge. Hard species 
lack the electron-like dominance due to the poor screening 
of the inner electrons and the resultant strong influence of 
the positive nuclear charge. The lack of data for the 
metal-hydrogen arsenate system prohibits the use of 
statistical methods to obtain Sip, and Int, data. However, 
this problem can be avoided using a relationship between the 
dissociation constant of the protonated ligand (pKa) and the 
sip, and Int, parameters, which is described by:
Sip, = 0.031(0.002) + 0.0078 (0.0004) pKa (3.4)
Int, = 0.11(0.06) - 4.10 (0.34) [1 + (3-zl) (z l + l)Slp, (3.5)
Where zL is the charge of the ligand and parentheses 
indicate the standard deviation. The correlation
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coefficients for the relations are .974 and .944
respectively. While the values of Slpj and Intj may be less
accurate using equations (3.4) and (3.5) than is sometimes 
possible using the statistical approach, they provide the 
only means to estimate log K values, given the sparse data 
shown in Table 3.1. The uncertainty in using this less 
accurate approach can be estimated by calculating Log K (assoc)
values for the hydrogen phosphates with equations (3.4) and
(3.5) to obtain Slpj and Intj values. Log K(assoc) estimates 
obtained using (3.1)-(3.5) are shown in Tables 3.4 and 3.5 
along with the respective measured values for the phosphate 
and arsenate systems. The ionic radii used are those of 
Marcus and Loewenschuss (1984). The radii correspond to a 
6-fold coordination for the divalent metal ions in their 
complexes (Ohtaki et al., 1977), and to a mixture of six­
fold and 4-fold coordination for Fe3+ (Berthet et al., 1989) 
(assuming the coordination is the same for FeAs04(s) as in 
the complex) . The small radius for Al3+ suggests a four­
fold coordination for this ion. Estimates assuming both 
four-fold and 6-fold coordination of Fe3+ are shown in Table 
3.4. The agreement between the estimates and the measured 
values for the hydrogen phosphates is fair, with the 
exception of that for the transition metal complexes, for
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which the agreement is poor, as shown in Figure 3.2. In 
order to determine why the estimated and measured values 
differ, plots of log K(lssoc) vs cation atomic number of the 
divalent transition metals was constructed for both the 
measured and estimated log K(aMOC) values. The plots are 
shown in Figures 3.3, and 3.4 respectively. The fact that 
the measured values do not obey the IWO, while the estimates 
do, suggests that the BSEP method has over-estimated the 
contribution of the electronic influence of the transition 
metal orbitals.
The lack of LFSE effects suggests that the complexes 
have a significant outer sphere character. Figure 3.5 
illustrates the relationship between the electronegativity 
of the metal atom corresponding to each cation and log K(assoc) 
for the ligands P043', HP042'H2P04-, S042', and HC03‘. The near 
independence of log K with EN of the cation for the sulfates 
(which are known to be largely outer sphere (Langmuir,
1979)), and the weak dependence for the biphosphates argues 
for an important outer sphere component for even the 
transition metal complexes. The hydrogen arsenate complexes 
should be expected to exhibit even more outer sphere 
character since the known metal arsenate solubility data 
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corresponding phosphates. Therefore, according to Clifford 
(1959) the EN of HAs042* should be less than that for HP042*, 
and hence, based on Pauling (1960), bonding in the hydrogen 
arsenates should be more electrostatic in nature than in the 
hydrogen phosphates.
An examination of Figure 3.2 shows that among the log 
K(assoc) values those for the P043' complexes are by far the 
poorest estimates. This suggests that log K(assoc) estimates 
for the As043‘ complexes are also poor. Unfortunately, 
several complexes that may be important both in natural 
waters and in determining mineral solubility data belong to 
this group. In an attempt to reduce the determinate error 
in the estimates for the arsenates the values were adjusted 
using a correction factor (f) obtained using the following 
ratio for the corresponding phosphate complexes:
log K p (meas) = correction factor(f) (3.6)log K p (est)
and
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The results are shown in the last column of Table 3.5. 
Based on the near perfect agreement of the corrected 
estimates to the measured values for the iron-arsenate 
complexes, the reliability of the corrected estimates is 
considered good. Estimates of K(1M0C) for the sulfate ion 
pairs were made using the correction factors obtained from 
the phosphate system. These estimates were compared to the 
measured values reported in Smith and Martell (1976). The 
error associated with each corrected estimation for the 
sulfate system was assumed to be greater than or equal to 
that for the hydrogen arsenates, since the phosphates from 
which the correction factors were obtained, are more like 
the arsenates than the sulfates, with respect to their 
electronic configurations. For the complexes for which no 
measured sulfate data are available and for the complexes of 
As043‘ and H2ASO4' for which no suitable analogues could be 
found, the error was assumed to be less than the difference 
between the corrected arsenate complex estimation and the 
measured value for the corresponding phosphate. The 
assumption made here is that the phosphate complexes are 
stronger than the corresponding arsenate complexes. The 
smaller radius of the HjjPÔ '3 ligands as compared to HnAsO/'3, 
and the experimental values for log K(assoc) reported in Tables
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3.1 and 3.4 support this assumption. In addition, there is 
abundant evidence that the phosphate minerals are less 
soluble than the corresponding arsenates (Sillen and 
Martell, 1964; Smith and Martell, 1976, etc.), which implies 
that the phosphate complexes are stronger (Stumm and Morgan, 
1981). The lower limit to the estimates would be assumed to 
be less than the difference between the measured values for 
the selenates and the estimates for the arsenates, but 
unfortunately very little data are available for selenates. 
Therefore the error in the negative direction was assumed to 
be less than or equal to that in the positive direction.
The assumption should be valid, provided no positive 
determinate error is present in the technique. The error 
obtained using the other methods (i.e. comparison to 
measured Fe-arsenate data and correlation with the 
sulphates) shows either no determinate error or a negative 
determinate error. In other words, the corrected estimates 
appear to be either right on or slightly low. Therefore, ± 
(log KMt(As) - Log K^^) was assumed to bracket the range of 
error. A summary of the corrected and uncorrected log K(assoc) 
values along with the corresponding error estimates as 
described above is shown in Table 3.6.
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TABLE 3.6
Error Analysis for the Corrected and 






FeH2As042+(4)d 4.84 +0.81 4.06 +0.01*
FeH2As042+ ( 6) 4.55 +0.51 4.05 +0.01*
FeAsO/(4) 9.70 -0.02 9.72 -0.14*
FeAs04+ (6) 9.21 -0.53 3.76 -0.10*
FeAs04e(4) 21.42 +2.61 18.85 -1.04*
FeAs04° (6) 20.48 +1.65 18.85 -1.04*
A1H2As042+ 3.16 +0.10 3.07 1+ o • o o
A1HAs04+ 7.28 +0.03 7.26 ±0.14°
A1As04° 19.10 +4.85 14.33 ±0.53c
FeH2As04+ 1.61 -1.08 2.69 ±0.01c
FeHAs04° 4.30 +0.78 3.53 -0.04b
FeHAs04* 11.39 +4.52 7.06 ±0 • 28°
MnHAs04 ° 4.07 +0.35 3.75 -0.17b
MnAs04* 10.56 +4.63 6.12 1+ o • to o
MgH2As04+ 0.91 -0.59 1.49 1+ o • o to o
MgHAs04° 3.17 +0.32 2.85 -0.63b
MgAs04* 9.45 +3.23 6.33 ovoCM•o+1
CaH2As04 0.53 -0.60 1.02 1+ o • o to o
CaHAs04° 2.53 -0.16 2.69 -0.79b
CaAs04* 7.97 +1.84 6.23 ±0.23°
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TABLE 3.6 (Cont.)
Error Analysis for the Corrected and 
Uncorrected Log X Estimates
* Computed from Gibbs free energy (AGf°) data in Robins (1990). 
b Obtained by comparison of the corrected log K estimates with 
measured values for the corresponding sulphates. 
c Based on the assumption that the arsenate complexes are weaker than 
the corresponding phosphate complexes. 
d Parenthetic values represent the coordination number for the ferric 
arsenate complexes.
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3.2.3 Graphical Correlation Method
As mentioned previously, the method of correlating log 
K data between two different systems is a simple and 
generally reliable method for estimating unknown complex 
stabilities. However, the quality of the estimates is only 
as good as that of the experimental data used to determine 
each relationship. Therefore, large data sets are preferred 
in order to "smooth out" the contribution of inaccurate 
data. Unfortunately, data for the arsenate system are quite 
limited; only log K data for the Fe3+-arsenates and the 
arsenic acid dissociation constants have been reported. The 
similarities in the stabilities of the Fe3+-arsenates and 
the corresponding H+-arsenates may introduce significant 
error, should the graphical correlation line be constructed 
by simply connecting the two points. What is needed, is a 
point close to the origin. A solution to this problem can 
be achieved by carefully considering the nature of bonding 
in complexes. Recall that the weaker complexes tend to be 
predominately outer sphere, and that electrostatic factors 
control the stability. In such cases, the charges of the 
addends becomes the most important factor. Since the 
arsenates and phosphates have the same valences (and similar
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radii), their stabilities should be expected to approach the 
same value with increasing aEN (i.e. more outer sphere 
character). Figure 3.5 illustrates the behavior of log K as 
the EN of the cation decreases. A decrease in EN of the 
cation results in an increase in aEN, and in the degree of 
electrostatic bonding. In this region, the lines tend to 
flatten out, and converge on a single log K value for each 
ligand of a common charge. Therefore, an extrapolation of 
the lines to a theoretical EN equal to zero (aEN = EN of the 
ligand) should provide a log K at which the arsenate and 
phosphate ion pairs have the same value. The assumption is 
more valid for divalent and monovalent, than for trivalent 
ligands, which tend to form complexes of more covalent 
character. However, in this case the aEN has been extended 
to a region in which trivalent complexes may be possible.
As a result of the above arguments we now have a third point 
near the origin that can be used to obtain a more reliable 
correlation between log K (Î PO/'3) and log K (I^AsO/'3) . The 
uncertainty introduced by use of a "theoretical point" does 
not appear great. For instance, by changing the value for 
(As04, P04) from (5.2, 5.2) to (0,0), log K for CaAs04 only 
changes by 0.19 log units. The error is even less for the 
stronger complexes, since the upper end of the correlation
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line is less sensitive to changes made by moving the 
theoretical point. The correlation plots for P043' vs. As043', 
HP042' v s . HAs042’, and H2P04* vs. H2As04' are presented in 
Figures 3.6, 3.7 and 3.8, respectively. The equation of 
each line was used to generate log K estimates for the 
respective arsenate complexes (see Table 3.7).
A determination of the uncertainty associated with the 
graphical correlation technique is difficult, but it must be 
directly related to the quality of the data used and the 
validity of the assumptions made. By comparing the results 
of the I^PO/'3 - HnAs04n*3 correlation to the values calculated 
for the Al-arsenates using the correlation plot presented in 
Figure 7 of Langmuir (1979) it is possible to gain a sense 
of the error involved. The log K estimates obtained from 
the Langmuir plot differ from the results obtained here by 
only 0.03, 0.04, and 0.10 for the A1H2As042+, A1HAs04+ and 
A1As04° complexes respectively. The implication is that the 
results are accurate, since the Langmuir correlation was 













As04 = 0 . 95( Po4) + 0 .1 0  
R Squared 1 .00
4 .0 0
4 .0 0 8.00 12.00 16.00 20.00Log K (P043-)
FIGURE 3.6
Correlation plot between Log K(assoc) complexes of AsO^ and
those for PO^
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0.015HA«04 = 0.987CHPO4) 
R Squared = 0.999
2.00 10.008.006.004 .0 02.00 Log K CHP042-)
FIGURE 3.7
Correlation plot between Log K(wuoc) complexes of HAso/* and
those for HPO/*
Note: m 2+ refers to the "theoretical point" as described in
the text.
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3.2.4 Comparison of Results of the Estimation Methods
A comparison of the results of the two relevant 
estimation methods is presented in Table 3.7. (The Fuoss 
estimates have been omitted due to the inapplicability of 
the method). The agreement between the BSEP and the 
graphical correlation techniques appears to be excellent.
It should be remembered however, that both methods are based 
in part on the same experimental values. The true error 
associated with the estimates is probably more dependent on 
the error associated with the phosphate experimental values 
than with the estimation techniques. Unfortunately, in most 
cases there is not enough data to obtain a standard 
deviation for the phosphate stability constant data (at 
least three data sets are required). Had sufficient data 
been available, the error in the phosphate values would have 
been incorporated into the error associated with the 
estimation techniques presented above and in Table 3.6. An 
average of the log K(assoc) values obtained from the BSEP and 
graphical correlation methods (see Table 3.7) was input into 
the MINTEQ and PHREEQE databases to be used both to 
determine mineral log Ksp values and for modeling the Sharon 
Steel groundwaters.
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H2Ae04 = . 955( H2P04) +0.10 
R Squared = 0.998
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FIGURE 3.8
Correlation plot between Log K(aaaoc) complexes of H2AsO/ and
those for H2P04-




Comparison of Log K(assoc) Estimates Obtained Using 













FeH2As042+ 4.06 — ---- — 4.04
FeHAs04+ 9.76 — ---- — 9.86
FeAs04° 18.85 — ---- — 18.9
A1H2As042+ 3.07 3.09 3.06 3.07 —
A1HAs04+ 7.25 7.33 7.29 7.29 —
A1As04° 14.33 13.99 14.09 14.1 —
CrHAs04 ° 9.23 — 9.31 9.27 —
FeH2As04+ 2.69 — 2.68 2.68 —
FeHAs04° 3.53 — 3.54 3.54 —
FeAs04* 7.06 — 7.06 7.06 —
MnHAs04° 3.75 — 3.74 3.74 —
MnAs04* 6.12 — 6.14 6.13 —
Cu HAs04° 3.67 — 3.68 3.68 —
NiHAs04° 2.89 — 2.90 2.90 —
CoHAs04 ° 2.99 — 3.00 3.00 —
ZnHAs04° 3.21 — 3.21 3.21 —
CdHAs04° 3.70 — 3.72 3.71 —
MgH2As04+ 1.49 — 1.54 1.52 —
MgHAs04° 2.85 — 2.86 2.86 i—
MgAs04* 6.33 — 6.35 6.34 —
CaH2As04+ 1.02 — 1.09 1.06 —
CaHAs04° 2.69 — 2.69 2.69 —
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Table 3.7 (Cont.)
Comparison of Log K(aasoc) Estimates Obtained Using 
















CaAs04' 6.21 — 6.23 6.22 —
PbHAs04° — — 3.04 3.04 —
PbH2As04+ — - 1.53 1.53 —
• "L" refers to any ligand.
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4.0 CONTROLS ON DISSOLVED As(v) CONCENTRATIONS
4.1 Mineral Equilibria Control
The control of dissolved arsenic(V) by mineral phases 
(or lack of control) depends upon the theoretical 
solubilities of the arsenic minerals, and on the 
environmental conditions being considered. Generally, the 
mineral most likely to limit maximum arsenic concentrations 
is the one that is least soluble for the given conditions. 
Mineral solubility can be described using the solubility 
product constant (Ksp), which is defined as:
Ksp(Cm = [Cn> [ A m f
where, [Cn+] is the equilibrium activity of a cation of 
charge n+, [Am ] is the equilibrium activity of an anion of 
charge m-, C ^  is a mineral comprised of C and A.
Therefore, in order for a mineral to precipitate and 
persist in nature the Ksp must be a small number. In order 
to determine which minerals may be responsible for 
controlling As(V) in natural waters, a literature search was 
conducted and a list of Ksp data compiled. Table 4.1 is a 
non-critical compilation of -log Ksp values for various
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TABLE 4.1
An Uncritical Tabulation of Published
Solubility Product Constants For the Metal Arsenates
Expressed as -log Ksp Values
Formula Mineral Name -log Ksp








FeAs04 — 20 • 24h
— 20.09*
— 20.24*









Pb3 (As04) 2 • 4H20 — 44.87*
PbHAs04 Schultenite 12.371
Mn3 (As04) 2 — 28.72h
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TABLE 4.1 (Cont.)
An Uncritical Tabulation of Published
Solubility Product Constants For the Metal Arsenates
Expressed as -log Ksp Values
Formula Mineral Name -log Ksp
Mn3 (As04) 2 • 8H20 Sterlinghillite to 00 • A
31.51*
33.73*
Co3 (As04) 2 — 28 • 12b
to 00 • 00
Co3 (As04) 2 * 8H20 Erythrite 28.6“
CoHAs04 • H20 Cobaltkoritnigite 6 • 27m
Ni3 (As04) 2 Xanthiosite 25.51h
25.21*
26.80*
Ni3 (As04) 2 • 8H20 Annabergite aCMO•>CM
NiHAs04 • 2H20 — 4.92j
NiHAs04 — 4.92j
Cu3 (As04) 2 Lammerite 35.12j
37.97*
Cu3(As04)2 • 6H20 35. lc
CuHAs04 — 7.08j
CuHAs03 • H20 — 7.2“
Cu2As04 (OH) Olivenite 29. 3j
30.11
29.46“




An Uncritical Tabulation of Published
Solubility Product Constants For the Metal Arsenates
Expressed as -log Ksp Values
Formula Mineral Name -log Ksp
Cu5H2 (As04)4 • 4H20 — 47.24“
Cu5H2 (As04)4 — 69.8j
Cu5 (As04) 2 (OH) 4 Cormubite 80.52“
PbCu3 (As04) 2 (OH) 2 Bayldonite 64.91
PbCuAs04 (OH) Duftite 34.41
CaCuAs04(OH) Conichalcite 31.21
Cd3 (As04) 2 — 31.97*
Zn3(As04)2 — 29.2j
31.20*
Zn3(As04)2 • 2.5 H20 — 0VO0.CM
Zn3(As04)2 • 8H20 Koettigite to VO • 0 5
ZnHAs04 — 6.5h
ZnHAs04 • H20 Koritnigite 6.7“
Zn5H2 (As04) 4 — 66. 6j




Zn2As04(0H) • H20 Legrandite 26. 51
CaZnAs04(0H) Anstinite 25.61
Mg3(As04)2 — 20.0°




An Uncritical Tabulation of Published
Solubility Product Constants For the Metal Arsenates
Expressed as -log Ksp Values
Formula Mineral Marne -log Ksp
MgHAs04 • 7H20 Roesslerite 3.4“
Ca3(As04)2 — 18.1*
— 24 • 9 ll
— 17.8“
Ca3 (As04) 2 • 6H20 — 18. 2ch
Ca3 (As04) 2 • 14 H20 — 18.3*
CaHAs04 Weilite 3.4°
4. 6P
Ca (H2As04) 2 — 35.7j
Ca5H2 ( As04) 4 — 52.64“
Ca2As04 (OH) — 13.12“
Sr3(As04)2 — 15. 5*
Sr3(As04) 2 • 2H20 — 15.3“
SrHAs04 — 3.1j
SrHAs04 • H20 — 3.7“
Sr (H2As04)2 — 0.3“
Sr7 (As04) 4 (OH) 2 • H20 — 41.0“





BaHAs04 — 5. 6r
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TABLE 4.1 (Cont.)
An Uncritical Tabulation of Published
Solubility Product Constants For the Metal Arsenates
Expressed as -log Ksp Values
Formula Mineral Marne -log Ksp
— 5.1j
BaHAs04 • H20 — 13.0q
— 5.3“
Ba(H2As04)2 • H20 — i o • to B
(Hg2) 3 (Aso4) 2 Chursinite 50. lh
Hg3(As04)2 — 38.6*
KU02As04 — 22. 6C
NaU02As04 • 4H20 21.9C
a Dove and Rimstidt (1985).
b Nishimura and Tozawa (1978).
c Naumov et al. (1974).
d Kontopoulos et al. (1988).
e Robins (1990).
f Krause and Ettel (1988).
g Hess and Blanchar (1976).
h Chukhlantsev (1956).
i Robins (1981).
j Ito et al. (1985). Previously unpublished work reported in e.
k Clever and Johnston (1980).
1 Magalhaes et al. (1988).
m Nishimura et al. (1990).
n Itagaki and Nishimura (1986).
o Nishimura et al. (1983).
p Mahapatra et al. (1986).
q Essington (1988).
r Robins (1985).
s Clever et al. (1985).
t Sadiq et al. (1983).
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arsenate solids. The data should be viewed with caution, in 
that the compounds with the highest pKsps are not 
necessarily the most likely to control As(V) in natural 
systems. First, some of the higher numbers may simply 
reflect the number of atoms in the formula of the phase.
For instance, Zn5H2(As04)4 with an 11-atom formula has a pKsp 
of 66.6, which corresponds to the 2nd lowest Ksp on the
list. However, Zn5H2(As04)4 is not the least soluble phase,
because [Zn2+] is taken to the 5th power in the equilibrium 
constant expression, while [HAs042 ] and [As043 ] are squared.
A second point is that some of the least soluble compounds 
may not form in nature if they are composed of geochemically 
rare elements or ions which themselves are controlled by 
even less soluble phases. For example, Ca(As04)2 has a pKsp 
of 18.2, but is not known to form in nature, because Ca2+ 
concentrations are controlled by calcite in many natural 
waters. A third consideration is the fact that not all of
the data are reliable. For instance, the pKsp value of 50.1
for Ba3(As04)2 is almost certainly in error, based on the 
fact that the other alkaline earth metals form arsenates 
that are much more soluble (by nearly 33 orders of 
magnitude). One way to avoid considering phases that for 
one reason or another are not likely to control arsenic in
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natural waters is to limit the compounds to mineral phases 
that have been discovered in nature, described, and named. 
Column 2 in Table 4.1 gives mineral names for each compound 
that was found in Dana's System of Mineralogy (Palache et 
al., 1957) and the arsenate mineral compilations of Gonzalez 
and Monhemius (1990) and Onishi (1969). Of the minerals 
listed, many have only been found in the oxidized 
unsaturated zone of mineral deposits, and therefore, are not 
likely to control dissolved As(V) for the low base metal ion 
concentrations present in most groundwaters. The most 
common arsenate minerals are those of Ca, Fe, Mn, and Pb 
(Gonzalez and Monhemius, 1990). These are the phases most 
likely to limit maximum As(V) concentrations under normal 
conditions. The As(V) minerals that form from these 
elements are weilite (CaHAs04) , scorodite (FeAs04• 2H20) , 
sterlinghillite (Mn3 (As04) 2 * 8H20) , and schultenite (PbHAs04) . 
Masscheleyn et al. (1991) have suggested that Ca, Pb, and Mn 
arsenates are the most likely minerals to control As in 
soils, based on the thermodynamic data presented by Sadiq et 
al. (1983). The pKsp data listed for these minerals, 
however, were calculated without considering arsenate 
complexation (with the exception of the scorodite values 
reported by Robins (1990) and the weilite value reported by
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Mahapatra et al. (1986)). In the present study, new Ksp 
values have been calculated for sterlinghillite using the 
estimated K(assoc) values for MnAs04' and MnHAs04° reported in 
Table 3.7, and the raw data of Hess and Blanchar (1976).
The experiment performed by Hess and Blanchar consisted of 
preparing synthetic sterlinghillite which was then allowed 
to equilibrate with dilute HCl or NaOH solutions at varying 
pH values. The sterlinghillite was analyzed prior to the 
experiment, using the molybdenum blue method for As and 
atomic adsorption (AA) for Mn, to ensure that the correct 
mineral stoichiometry had been achieved. X-ray diffraction 
results showed the synthetic phase produced to be amorphous. 
After allowing the mineral to equilibrate for 7 days at 
25°C, the solutions were analyzed for Mn and As, and Eh and 
pH readings were taken.
The raw experimental data reported in Table 3 of Hess 
and Blanchar were entered into PHREEQE, along with 
instructions for the program to equilibrate the solution 
with atmospheric C02 and to maintain charge balance by 
adding Na+ or C1‘. The resultant ion activity product (3pMn 
+ 2pAs) was then assumed to equal the pKsp for Mn3(As04)2* 
8H20. A value of 29.44 ±0.44 was obtained from 4 different 
solutions having initial pH values of 5, 6, 7, and 8. The
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uncertainty assigned to the K(assoc) estimates for MnHAs04° and 
MnAs04* in Table 3.6 was taken into consideration by adding 
the error to the constants entered into PHREEQE, and re­
running the data as before. The results indicate a 
difference of ±0.17 log units in the pKsp of 
sterlinghillite. However, a more important consideration is 
the fact that at the Eh under which the experiments were 
performed (-0.57 volts) Mn3(As04)2 tends to dissolve 
incongruently. The Mn/As ratios computed from the data all 
fall below the stoichiometric ratio of 3/2, indicating that 
a manganese mineral is precipitating as sterlinghillite 
dissolves. The PHREEQE runs indicate that the solution is 
supersaturated with respect to bixbyite (Mn203) and 
hausmannite (Mn304) . The validity of the pKsp for 
sterlinghillite is therefore in doubt. However, the value 
obtained can be used as a maximum stability, since 
additional As may be released before equilibrium is 
attained. In order to further test the possibility for 
As(V) control by sterlinghillite an Eh-pH diagram was 
constructed using the pKsp obtained above and data obtained 
for a natural soil equilibrated with dilute solutions of HC1 
and NaOH reported by Hess and Blanchar (1976). The soil was 
taken from an apple orchard that had been treated with lead
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arsenate. The Eh-pH diagram was obtained using the 
concentrations reported in Hess and Blanchar to generate 
activities of Mn and As by use of MINTEQ (see Figure 4.1). 
Since only cation concentrations were measured, the ionic 
strengths of the solutions were estimated from specific 
conductance (Sp.C.) data by use of the equation:
Due to the lack of an analysis for bicarbonate ion in 
the groundwaters associated with this soil, the field for 
rhodocrosite has been computed at C02 partial pressures of 
103 5 and 10'20 bars. Carbon dioxide is probably higher than 
the atmospheric value of 10'35 bars due to C02 production in 
the soil from organic decay and plant root respiration and 
the heavier-than-air nature of the gas. The Eh and pH 
conditions of the Menfro soil have been plotted on Figure 
4.1. The points fall within the bixbyite field, very near 
its boundaries with the sterlinghillite and rhodocrosite 
fields at pC02 = 10'20 bar. The positioning of the lines is 
obviously dependent on the activities of the species 
involved and on the stability constants of the minerals. 
Ksp data for the Mn oxides have been found to vary with
I(molal) = 1.75 x (Sp.C.)(^S) x 10*5
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FIGURE 4.1
Eh-pH diagram for the Hn-As(V)-H20 system at 25°C and 1 bar 
pressure. Total Mn and As activities equal 10~4M.
Constructed using data from: Naumov et al., (1974). Crerar
and Barnes, (1974) and from stability constants obtained 
using the raw data of Hess and Blanchar, (1976).
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crystallinity and purity; therefore, it is quite possible 
that the Menfro soil is at saturation with bixbyite and 
possibly sterlinghillite and/or rhodocrosite. The apparent 
As control by Mn3(As04)2 ' 8H20 may be fortuitous, in light of 
the uncertain pKsp obtained previously.
The possibility of As(V) control by Ca- arsenate has 
been studied in response to the need to remove arsenic from 
waste streams resulting from the processing of As bearing 
gold ores. Robins (1981), and Nishimura et al. (1985) have 
reported that the instability of Ca-arsenates produced by 
adding lime to hydrometallurgical waste streams is due to 
the influence of C02(g) . Apparently, C02 causes the 
dissolution of Ca3(As04)2 and precipitation of calcite 
(CaC03) . Figure 4.2 is an activity-pH diagram constructed 
using the Ksp data of Mahpatra et al. (1986), Naumov (1974), 
and Plummer and Busenberg (1982) for weilite, Ca3(As04)2, and 
calcite respectively. The total arsenic activity was 
obtained from the Menfro soil data of Hess and Blanchar 
(1976) in order to represent a Ca(HC03)2 water that is highly 
contaminated with arsenic. The calcite field was calculated 
at C02 partial pressures of 10'35 and 10*20 bars. The Ca2+ 
activity obtained from the PHREEQE runs performed previously 
has been used to plot the conditions of the Menfro soil on
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Ca-As( 5) -H20 System
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FIGURE 4.2
Activity-pH diagram for the Ca-As(V)-H20 system at 25°C and 
1 bar pressure. Total As activity equals 10*^.
Constructed using data from: Plummer and Busengburg (1982),
Mahapatra et al. (1985), and Naumov et al. (1974).
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the diagram. The point fell directly on the calcite 
stability line at Pco2 = 10‘20 atm., indicating that the Ca2+ 
activity is probably limited by calcite precipitation. The 
Ca3(As04)2 field is completely engulfed by the calcite field, 
even at atmospheric C02 partial pressures. In view of this, 
it is easy to see why no mineral has been described with the 
formula Ca3(As04)2. The finding of Masscheleyn (1991) that 
Ca3(As04)2 is the most insoluble arsenate, even when Ca2+ 
concentrations are limited by calcite is probably incorrect. 
The problem lies in the Ksp value chosen in the study. 
Examination of Table 4.1 reveals that the Ksp reported by 
Sadiq et al. (1991) is several orders of magnitude greater 
than the other values. Even weilite is an unlikely mineral 
to control As(V) in most systems. The conditions necessary 
for this phase to form include high calcium and arsenic 
concentrations, low C02 partial pressures and low pH.
The possibility of lead - arsenate controlling As(V) is 
attractive due to the extreme insolubility of these 
minerals. However, due to the low concentrations of lead in 
most natural waters and high solubility of these phases in 
the presence of C02 as in the Ca system, some doubt is cast 
on such a notion. An activity-pH diagram constructed using 
Ksp data from Magalhaes (1988) and Robie et al. (1978) for
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schultenite (PbHAs04) and cerrusite (PbC03) respectively, has 
been constructed (see Figure 4.3). A pKsp for Pb3(As04)2 of 
37.18 was calculated using the complex stability constants 
presented in Table 3.7 and the congruent solubility data of 
Hess and Blanchar. The Menfro soil data was again plotted 
on the diagram. The data point falls within the field of 
schultenite, close to the boundary with Pb2+, suggesting 
that As(V) may be controlled by PbHAs04solubility in this 
case. The results are not surprising, considering lead 
arsenate has been added to this soil for decades. The fact 
that the schultenite Ksp was not corrected for the Pb - 
arsenate complexes (Magalhaes et al., 1988 did not provide 
raw data) does not seem to have significantly affected the 
results. The phase Pb3(As04)2, like Ca3(As04)2, has not been 
identified as a mineral probably because of cerrusite 
control on Pb2+ concentrations. Schultenite can only form 
under conditions of relatively low pH and C02 partial 
pressure and high Pb and arsenate concentrations.
The most intensely studied arsenate mineral, especially 
in recent years, is scorodite (FeAs04 • 2H20). The mineral 
is by far the most abundant arsenate phase in nature and is 
commonly found in mine wastes associated with arsenopyrite 
(Dove and Rimstidt, 1985). Scorodite is thought to form,
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FIGURE 4.3
Activity-pH diagram for the Pb-As(V)-H20 system at 25°C and 
1 bar pressure. Total arsenic activity equals 10*%.
Constructed using data from: Magalhaes et al. (1988), Robie
et al. (1978), and from stability constats calculated using 
raw data from Hess and Blancher (1976).
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most commonly, due to the oxidation of arsenopyrite. The 
process is thought to result from oxidation by Fe3+ in a 
manner analogous to Fe3+ oxidation of pyrite (Wierma and 
Rimstidt, 1984). The reaction is:
FeAsS(s) + 13Fer + 8HjO - 14Fe2* + S04r + HjAs04 + 13H*
The ferric iron is then replenished by bacterially mediated 
oxidation of ferrous iron by 02, which further drives the 
reaction to the right. The high arsenate - ferric iron, low 
pH waters produced, favor the precipitation of scorodite.
The possibility of As(V) control by scorodite has been 
suggested by Dove and Rimstidt (1985) for acid mine 
drainages based on analyses of the water issuing from the 
Brinton mine in Floyd County, Virginia. Scorodite, has 
however, been found to be unstable at high pH values 
(Nordstrom and Parks, 1987; Robins, 1987). Solubility 
experiments performed on scorodite have shown that the 
mineral dissolves incongruently above pH values of 2-3, 
forming ferric hydroxide. At a pH above approximately 2 the 
Fe/As ratio drops below the stoichiometric value of 1. TEM 
micrographs of scorodite equilibrated at high pH clearly 
show a separate phase of a smaller grain size coating the
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scorodite crystals (Robins, 1990) . In addition, the color 
and properties of this coating have been shown to correspond 
to ferric hydroxide. For instance, pure scorodite is 
pale-green to off-white, while the coating mineral is 
reddish brown. The surface potential between scorodite and 
the coating differs significantly as well. Robins and 
coworkers have found that just below the "incongruent point" 
the surface charge is negative, while above the incongruent 
point the surface charge is positive. Some of the Ksp 
values reported in Table 4.1 can be questioned because the 
experiments were carried out within the incongruent region, 
particularly those of Dove and Rimstidt (1985). In order to 
illustrate the behavior of the As(V)-Fe(III)-H20 system an 
Eh-pH diagram was constructed, (Figure 4.4). Starting with 
the experimental data of Krause and Ettel (1988), the Ksp 
for scorodite was corrected for complexation and ionic 
strength effects using the stability constant values for 
Fe3+- arsenate complexes reported by Robins (1990), and 
PHREEQE. A pKsp of 25.87 ±0.18 was thus obtained. This 
corresponds to a lower solubility than previously reported 
(See Table 4.1), and results from the large grain size (2000 
nm) of the crystals prepared by Krause and Ettel at 160°C, 
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FIGURE 4.4
Eh-pH diagram for the Fe-As(V)-H20 system at 25°C and
1 bar pressure.
Constructed using raw data from: Krause and Ettel (1988).
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(1986) from the neglect of Fe3+- arsenate complexes. Figure
4.4 illustrates the effect of increasing pH on the stability 
of scorodite. The vertical line separating scorodite from 
ferric hydroxide represents the pH of incongruent solution 
of scorodite, and was taken directly from the experimental 
observations of Krause and Ettel. A curious result of the 
incongruent dissolution of scorodite is the unusually high 
pKsp of 41.08 for the ferric hydroxide formed. The value 
was obtained by constructing the scorodite field using the 
previously calculated pKsp for scorodite and the Fe and As 
activities obtained from PHREEQE simulations of the 
experimental solutions. The ferric hydroxide line was then 
drawn using the same iron activity, and the pKsp was 
adjusted until the line equalled the pH of incongruent 
solution. Note that the slope of the line is determined by 
the stoichiometry of the reaction, while the intercept 
depends on the Ksp and total iron activity. The pKsp value of
41.08 obtained is too high for amorphous ferric hydroxide 
(Langmuir and Whittemore 1971), which is the expected phase 
given only 14 days of equilibration time. Robins (1990) 
first performed an exercise such as described above to 
obtain a free energy of formation of -117.0 kcal/mol for 
FeOOH(s) . Using the free energy data for Fe3+ and H20 values
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reported in the same study, results in a pKsp of 40.96, 
which is remarkably close to the value obtained from the 
data of Krause and Ettel. Robins (1987) suggests that the 
grain size of ferric hydroxide is influenced by the grain 
size of the scorodite onto which it precipitates. While 
this may be true, it is unclear if the effect is significant 
enough to change the Ksp by almost 4 orders of magnitude. 
Another possibility is that the material that precipitates 
beyond the incongruent point is not pure FeOOH(s) but a 
solid solution of Fe(0H)3 and FeAs04.
The mineral mansfieldite (A1As04 2H20) behaves similarly 
to to scorodite, and may be important under similar 
conditions. Like FeAs04 2H20, A1As04 H20 is unstable at high 
pH, and dissolves incongruently to form Al(OH)3 (am). 
Unfortunately, the pH of the incongruent point is not known, 
and as a result, many of the pKsp values determined for 
mansfieldite may have been obtained in the incongruent 
region and can be regarded as unreliable. In order to 
determine an accurate Ksp without congruent raw data it was 
necessary to use a graphical correlation technique such as 
described in Section 3.2.3. In this case, the log Kassoc of 
the ion and the pksp of the minerals for Fe3+ were plotted
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against those of Al3+. The plot is shown in Figure 4.5 and 
is similar to Figure 7 in Langmuir (1979), except a linear 
regression line was fitted to the data in this study. The 
strong correlation between the log Ks for Fe3+ and Al3+ 
suggests that the differences between these two cations that 
effect stability are the same in both complexes and 
minerals. By substituting the pKsp for scorodite, obtained 
above, into the equation; pKsp(Al) = pKsp(Fe) - 0.83, from 
Figure 4.5, a pKsp of 22.7 was estimated for mansfieldite. 
This value, like the pKsp for scorodite from which it was 
calculated, corresponds to a very crystalline form of the 
mineral. By using the pKsp value for scorodite reported by 
Robins (1990) (pKsp = 24.2), which was calculated considering 
both complexation and activity effects, a pKsp of 21.2 was 
obtained for mansfieldite. This value corresponds to a 
smaller grained mineral than the previous estimation, but is 
still crystalline. Amorphous mansfieldite should be more 
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4.2 Solid-Solution
In order to determine if the Fe (III)-As (V)-0H‘ system 
could be explained by solid-solution behavior, it was first 
necessary to search the literature for a carefully conducted 
experiment in which such a solid-solution had been 
equilibrated with an aqueous phase. Measurements should 
have been taken of aqueous Fe and As concentrations in 
solution, Eh, pH and the initial and final composition of 
the solid. "Carefully conducted" implies that appropriate 
analytical procedures were used and that care was taken to 
avoid colloids in the aqueous analysis. The latter 
condition requires that if lab samples were to be preserved 
with HN03, the solutions must have been previously filtered
r
j through a <0.1 micron membrane. Kennedy and ZellwegerI
(1974) have shown that errors up to a magnitude or more in 
the determination of Fe can occur when using the standard 
0.45 micron filter, despite the visually clear appearance of 
the solutions being analyzed. Most of the experiments 
reported in the literature for Fe(III)-As(V)-H20 systems 
relate either to the solubility of scorodite or to the 
removal of As from hydrometallurgical waste streams by 
precipitation with Fe3+. Unfortunately, such studies are
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inappropriate. The scorodite solubility studies that have 
been conducted in the incongruent range (above pH = 2), 
where solid solution may be expected to occur, are clearly 
not at equilibrium. Robins (1990a) has found that even at 
pH values greater than 7, scorodite persists after two years 
of reaction time. Therefore, it is not possible to 
calculate the amount of As in the Fe(OH)3 coating.
" Hydrometallurgical studies generally involve the rapid 
precipitation of an amorphous mass of ferric oxyhydroxides 
containing abundant impurities such as S042', Ca2+, Cl' and a 
host of metal ions frequently encountered in ore processing 
waste streams. The best study encountered was the work done 
by Hess and Blanchar (1976), which was cited previously in 
the introduction of pure arsenate phases. In this study, an 
amorphous compound with an analytically determined formula 
of Fe(OH)3 • Fe(As04) was produced by adding sodium arsenate 
to a ferric chloride solution maintained at a pH of 5.5.
The possibility of this compound consisting of a mechanical 
mixture of ferric hydroxide and scorodite is remote, based 
on extended x-ray adsorption fine structure (EXAFS) analyses 
which when performed on an "As-bearing ferrihydrite" 
precipitated at a pH = 4, failed to indicate the presence of 
As-Fe linkages (Robins et al., 1990b). The lack of As-O-Fe
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bonds, was cited as evidence that an ordered arrangement of 
As and Fe does not exist, and that a mechanical mixture of 
scorodite and ferrihydrite can not precipitate at pH = 4.
The aqueous analyses of Hess and Blanchar (1976) were 
performed using atomic absorption spectrometry for Fe and 
the molybdenum blue method for As. The methods presented in 
the paper do not mention the use of an acid preservative or 
any attempts to filter the solutions, so it is assumed that 
the analyses were performed promptly on unfiltered 
unpreserved solutions. Two grams of the Fe(OH)3 • Fe(As04) 
compound were placed in a constant temperature water bath 
shaker (at 25°C) for a period of 7 days. The samples were 
then centrifuged and measured for total As, total Fe, Eh, pH 
and specific conductance.
Having found adequate experimental data, it was then 
necessary to choose a thermodynamic model to describe the 
system. Thorstenson and Plummer (1977) and Paces (1978) 
have proposed similar models valid for describing either a 
steady-state system, or a reversible system consisting of a 
mechanical mixture of two metastable phases. Paces (1978) 
found that for a mixture of Al(OH)3(c) and Si02(c) , a single 
equilibrium expression could be written that describes the 
effect of the two phases on the solution activities of Al3+
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and H4Si04°. In short, the mole fractions of each phase 
comprising the solid determine the stoichiometry of the 
reaction.
The data of Hess and Blanchar (1976) show that ferric 
arsenate does not dissolve congruently, and therefore is not 
a steady-state system, according to the definition of 
Thorstenson and Plummer (1977). Nor is the system likely to 
be a mechanical mixture of scorodite and ferrihydrite, based 
on the findings of Robins (1990b). However, by assuming 
that the free energy of mixing is zero, a Paces-type 
treatment of the data may be justified. For the Fe3+-As04- 
OH' system the following reaction applies:
[FeAs04 2H20]x[Fe(0H)3](1_x) = Fe3+ + xAs043’
+ (3-3x) OH'
where, the mole fraction of scorodite (x) is given by:
x ^  = mol FeAs04 /[(mol Fe(0H)3) + (mol FeAs04) ] (4.1)
Given that mol Fe(OH)3 + mol FeAs04 = mol Fe and that mol 
FeAs04 = mol As, equation 4.1 can be rewritten as:
Xgcor =  mol As / mol Fe (4.2)
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Assuming the solid phase activity coefficient (X) is equal 
to unity, the solubility product is given by:
K„ = [Fe3+] [As043‘]x[0H‘]“ x = K^p^oh,, (4.3)
Where KM, and KFc(OH)3 are the equilibrium constants for 
the solid-solution, pure scorodite, and pure Fe(OH)3, 
respectively. Kss values were calculated for the experimental 
solutions of Hess and Blanchar (1976). Notice that equation
4.3 was derived by multiplying the individual solubility 
product constant expressions for FeAs04and Fe(OH)3 set to 
their respective mole fractions, x and 1-x. For solutions 
with pH values of 5.36, 5.42, 5.64, and 6.59, Kss values of 
26.9, 26.3, 27.7, and 29.5 were obtained respectively. It 
appears that Kss is directly proportional to the pH of the 
system. A more thorough examination of this relationship 
will be discussed later.
In addition to the experimental findings above, there 
are numerous studies that demonstrate that Fe and As are 
closely associated in natural systems. Strong correlations 
between As and Fe have been found in soils (Woolsen et al., 
1971; Duel and Swoboda, 1972) in ores, (Shnyukov, 1963) and 
within ferrihydrite impurities in phosphate pebbles (Stow,
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1969). Figures 4.6 and 4.7 are examples of such 
correlations for the phosphate pebbles of Stow (1969) and 
for lake sediments (Aggett and O'Brien, 1985). The degree 
of scatter in the data is not bad, considering the 
complexity of the systems and the fact that aluminum and 
phosphate can also substitute into Fe(OH)3 (Schwertman,
1984; Fox 1988). Although the correlations may result from 
sorption processes, it is more likely that the trends result 
from solid-solution, since sorption is sensitive to particle 
size variations, and is generally more important at low 
concentrations (Langmuir and Mahoney, 1985). In fact, the 
data appear to have a different trend at low As levels. In 
any case, a Kss value of 38.0 was obtained for the lake 
sediments at a pH of 6.9. Unfortunately, a Kss could not be 
determined for the phosphate pebbles, since the solution 
composition at the time of deposition is not known.
Fox (1992) has shown that in both experimental 
solutions and waters collected from the Hudson River and the 
Tortuguero watershed, Costa Rica, a solid-solution of FeAs04 
and Fe(OH)3 limits aqueous As levels. Given the end-member 
reactions:
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Fe (OH) 235 = Fe3+ + 2.350H' (4.5)
the following solubility product constant expressions can be 
written:
[Fe3+] [AsO„3 ] = KFeAs04(x) (4.6)
and
[Fe3+] [OH]235 = KFcfOH)235(1-x) (4.7)
Assuming that the mole fraction of scorodite in the solid- 
solution is x, the fraction of ferric hydroxide is 1-x, 
and dividing equation 4.6 by equation 4.7 gives:
( [As043‘] / [OH']2'35) = IWx/fl-x)) (4.8)
where x/(l-x) is the solid mole ratio of ferric hydroxide 
and ferric arsenate which is equal to l/(Fe/As - 1), Fe/As 
is the elemental ratio in the solid phase, and Kj^ is the 
ratio of the solubility products of ferric hydroxide and 
ferric arsenate. In contrast to the Paces model, in which 
the solubility product expressions are multiplied, equation
4.8 was derived by dividing the two terms. In addition, Fox 
assumes that the ratio of OH to Fe in ferric hydroxide is 
2.35 to 1, with a counter ion such as Cl' present to 
maintain charge balance. Perhaps the most important 
distinction between the two approaches, however, is that Fox
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multiplies the equilibrium product equation by the 
respective mole fractions, while Paces multiplies the 
equilibrium reactions by the mole fractions prior to writing 
an equilibrium constant expression. A plot of log 
(As04)/2.35(OH) vs log (l/(Fe/As-l) for both the model 
solutions and the sample from the Tortuguero watershed are 
shown in Figure 4.8. The slope of the linear regression 
line through the data is 2 .6, and the intercept is equal to 
10. The value obtained for the intercept is equal to log 
KFcAso4 “ 1°9 kfc(oh)2.35/ an<* close to the calculated value of
9.5 (-22— 31.5). The Sharon Steel groundwater samples from 
wells 601 and 751 were also plotted on the diagram. The 
points appear to be consistent with the data obtained by 
Fox.
Another study conducted by Fox (1988) indirectly 
supports the idea that an Fe (0H)3-FeAs04 solid-solution 
controls aqueous As concentrations by demonstrating a solid- 
solution between Fe(0H)3 and FeP04 controls phosphate 
concentrations in river water. Analyses of the solid and 
aqueous phases of three laboratory solutions and six river 
waters were conducted using sodium azide to prevent 
biological uptake of P and 1000 molecular weight exclusion, 
dialysis membrane to separate colloids from the true aqueous
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FIGURE 4.8
Diagram illustrating the conformance of experimental and 
field data to the solid-solution equation: log[As04] -
2.351og[OH] = log X + log K,^, where X is the solid mole 
ratio of ferric hydroxide and ferric arsenate and KP.rta is 
equal to K̂ ,. / KFe<OH)2js•
Source: Fox (1992) Written communication.
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phase prior to analysis. With the strong similarity between 
As and P, as discussed previously, it may be assumed that 
arsenate and phosphate are controlled by similar processes. 
Fox has proposed a model in which phosphate is initially 
adsorbed onto ferric hydroxide, and slowly diffuses into the 
solid phase over time. Such a process was first suggested 
by Carritt and Goodgal (1954) for estuarine sediment 
suspensions and later by Barrow (1983) for soils. In view 
of this work, it is appropriate to review studies involving 
As adsorption onto ferric hydroxide.
4.3 As ADSORPTION
The adsorptive behavior of As has been studied by a 
number of investigators. Pierce and Moore (1982) have 
conducted one of the more definite studies, including 
measurement of both arsenite and arsenate adsorption onto 
amorphous ferric hydroxide. Arsenite adsorption was 90% 
complete after 2 hours at pHs of 4.0, 6.1 and 9.8. Arsenate 
adsorption was even faster and was 90% complete after only 1 
hour.
The fact that sorption occurs on the order of hours 
(Pierce and Moore, 1982), indicates that either diffusion
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into the amorphous ferric oxyhydroxide is rate limiting, or 
that adsorption is specific, meaning that a covalent bond is 
formed between the arsenic species and the adsorbent. In 
contrast, purely electrostatic adsorption, which is not 
diffusion limited, occurs on the order of seconds. Pierce 
and Moore (1982) also found that adsorption is pH dependent, 
with sorption maxima at pH 7 and 4 for arsenite and arsenate 
respectively. The decrease in sorption at high pH values is 
probably related to the increasingly negative surface 
potential of the iron hydroxide as pH increases. The point 
at which the surface potential goes from positive to 
negative, in an indifferent electrolyte, is called the zero 
point of charge (ZPC), and the pH^ is the pH at which the 
ZPC occurs. In pure water, the pH^ for amorphous ferric 
hydroxide is about 8.5 (Hem, 1970); however, Pierce and 
Moore (1982) have found that in the presence of As the ZPC 
is as much as 4 pH units less. Hingston et al. (1971) have 
found that the ability to change the pH of charge reversal 
is a common characteristic of specifically adsorbed ions. 
However, adsorption of other ions such as S04, which are not 
specifically adsorbed can also lower the pH^. The sorption 
of As was found to be less pH dependent at low As 
concentrations due to the excess of available sorption
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sites. In fact, since arsenate and arsenite both adsorb 
specifically at low concentrations, adsorption can occur 
even when the average surface potential is negative, 
provided some specific sites are available to form a 
chemical bond with the As species. In all1 cases arsenate is 
more strongly sorbed than arsenite. The degree of 
adsorption can be described for a given pH by the Langmuir 
isotherm provided there are no competing ions present and 
the As concentration is relatively low. The Langmuir 
isotherm equation may be written:
A = A^C^/CKl + C^) (4.9)
Where A is the amount of As adsorbed (in either mass units 
or moles) per unit mass of adsorbent, A ^  is the maximum 
adsorption per unit mass of adsorbent, is the equilibrium 
concentration of As in solution for a given A, and KL is the 
Langmuir constant.
The Langmuir model has been found to adequately 
describe As sorption in many cases. Ferguson and Anderson 
(1974), Gupta and Chen (1978) and Holm et al. (1979) have 
all successfully applied the Langmuir isotherm to systems in 
which initial As concentrations are less than about 10'3M,
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the pH is constant, and where no competition for sites 
exists. When arsenate coexists with arsenite or phosphate, 
a more sophisticated model that takes into account more than 
one type of surface site must be employed. The constant 
capacitance (C.C.) model (Stumm et al., 1970; Stumm et al., 
1976; Goldberg, 1986) describes competitive adsorption using 
a ligand exchange mechanism. Hingston et al. (1971) using 
the C.C. model found that there are sites on the surface of 
goethite that are specific to phosphate only, arsenate only, 
or both phosphate and arsenate. In addition, the constant 
capacitance model can be used to describe the acid-base 
properties of protonated sorbates. In cases where the As 
concentrations are high, the constant capacitance model and 
Langmuir isotherms tend to underestimate the degree of 
adsorption. Pierce and Moore (1982) found that when initial 
As concentrations exceed about 2.5 mg/L their experimental 
data were best described using a linear function known as 
the Kd isotherm, which is as follows:
A = KdC (4.10)
where Kd is a constant called the distribution coefficient. 
The use of Kd is limited to conditions of non-competitive
T-4128 102
adsorption and constant pH. Unlike the non-linear models,
Kd also assumes that adsorption is independent of sorbate 
concentration and site density (Langmuir and Mahoney 1985). 
Figure 4.9 schematically illustrates the difference between 
Figure 4.9 schematically illustrates the difference between 
Kd and a non-linear isotherm. Notice that the non-linear 
function levels-off at a point where the surface becomes 
completely saturated with respect to the sorbate (A,,̂  in the 
Langmuir model) and further adsorption does not occur. On 
the other hand, the Kd isotherm never levels off, which 
implies that there are an infinite number of sorption sites. 
Pierce and Moore (1982) suggest that for As sorption on 
amorphous Fe(OH)3, this apparently unlimited abundance of 
sites can be explained, since the adsorbate is able to 
penetrate the oxide surface due to the permeable nature of 
amorphous solids. The notion that the rate of diffusion 
should increase with the concentration gradient is 
consistent with Fick's First Law and the observations of 
Carritt and Goodgal (1954) and Barrow (1983) for the 
phosphate system. Therefore, adsorption and diffusion may 
correspond to early stages in the formation of an Fe(OH)3 - 
FeAs04 solid solution as suggested by Fox for the Fe(OH)3 - 
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FIGURE 4.9
Graphical representation showing the difference between the 
linear Kd Isotherm and a non-linear isotherm.
Notice that as the sorbate concentration increases the 
degree of adsorption approaches infinity. Source: Langmuir
and Mahoney (1985).
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suggested the possibility of an Fe-arsenate surface 
precipitate to describe Cd2+, Co2+, and Zn2+ adsorption onto 
Fe(0H)3 in the presence of strongly binding anions such as 
arsenate. Assuming such a surface precipitate exists, the 
most likely candidate would be an Fe(0H)3 - FeAs04 solid- 
solution, given the fact that the experiments were carried 
out at pH values between 4 and 10, well above the pH of 
incongruent dissolution of scorodite. While the formation 
of an Fe-As-OH solid-solution may result from As sorption by 
existing ferric hydroxide surfaces, when ferric hydroxide is 
precipitated in the presence of aqueous arsenic species 
other mechanisms may play a role. For instance, many 
municipal wastewater and hydrometallurgical studies in which 
ferric iron has been used to remove As from solution, have 
found that As removals are extremely high. In reviewing the 
treatment technologies for As removal from wastewater, 
Patterson (1975) found that As reductions of from 80-100% 
are not uncommon. Ferguson and Anderson (1974) and Robins 
et al. (1990) among others, have suggested that the high 
As removals observed cannot be accounted for by adsorption, 
or by precipitation of an arsenate mineral, and that 
coprecipitation processes such as occlusion probably play a 
major role. The non-equilibrium phenomena of occlusion and
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mechanical entrapment are referred to as "coprecipitation." 
Both of the above processes involve sorption and the 
kinetics associated with the rapid growth of precipitates.
In occlusion, sorbed counter ions are trapped by the rapidly 
growing crystal.
Mechanical entrapment is a similar process in which 
sorbed ions are trapped due to crystals growing together 
within a precipitate. Based on the above, it is not hard to 
imagine why rapidly precipitating ferric hydroxide is more 
effective at removing As from solution than is adsorption 
alone. In fact, several investigators (Gulledge and 
O'Connor, 1973; Ferguson and Anderson, 1974; Patterson,
1977; etc.) have found that removals are enhanced by adding 
coagulants that promote rapid precipitate formation.
Despite the high percentages of As that are incorporated 
into these solids, the As removal caused by this process is 
only temporary. Robins (1990a) observed that rapidly formed 
precipitates of Fe and As are unstable and slowly release As 
over time. Presumably, as the material crystallizes, its 
porosity and surface area are reduced as particle sizes 
increase, and occluded and mechanically entrapped As is 




The Sharon Steel CERCLA Site consists of a former 
milling operation in which ores of lead, zinc, and copper 
were processed. The facility was in use from 1905 until 
1971. The Site was owned by the U.S. Smelting, Refining, 
and Mining Company until 1979, when it was purchased by 
Sharon Steel. The property is located within the valley of 
the Jordan River approximately 12 miles south of Salt Lake 
City (Figure 5.1). The Jordan River ran through the mill 
site until 1958, when the flow was diverted west of the Site 
to accommodate disposal of additional tailings. The 
tailings were deposited directly onto the existing soil over 
an area of about 260 acres. Tailings piles are up to 45-55 
feet thick, and are believed to amount to approximately 11 
million tons of material (CDM-FPC 1988). The tailings 
contain potentially dangerous levels of arsenic, cadmium, 
lead, chromium, copper, and zinc. Due to the possibility of 
groundwater contamination in the area by leaching of the 
tailings and subsequent infiltration of the tailings water 














Location of the Sharon Steel CERCLA Site, Midvale
Source: CDM-FPC (1988).
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soils, sediments, and ground water with respect to chemical 
composition and physical properties was conducted by CDM-FPC 
beginning in 1987. The investigation included studying 
regional and local groundwater flow regimes within the 
valley. The mobility of the contaminants was investigated 
to determine the fate and transport of these species. The 
procedures conducted by CDM-FPC that apply to the present 
study included; the collection and analysis of soil, soil 
moisture and groundwater samples, pump tests, and lab 
studies such as column tests and a coprecipitation 
experiment. The author was involved with the interpretation 
of these data, such as modeling the mixing of groundwaters, 
as an employee of CDM. The thermodynamic data and As 
control information discussed previously will now be used in 
conjunction with the CDM-FPC data to explain the 
geochemistry of arsenic at the Sharon Steel Site. However, 
first it is necessary to discuss some of the geological and 
hydrogeological features of the area in order to place the 
discussions of As geochemistry in the proper context.
T-4128 109
5.2 Geology and Hydrogeology
The Jordan River Valley is located within the larger 
Salt Lake Valley, in which unconsolidated sediments of 
Quaternary age are bounded by semi-consolidated sediments 
and crystalline rocks. The valley fill materials consist 
mostly of lacustrine and alluvial sediments. In the central 
portion of the valley, there are two aquifers separated by 
an impermeable confining layer. The upper aquifer is 
referred to as "the shallow unconfined aquifer,"(SUA) and 
consists principally of silt and clay beds deposited by Lake 
Bonneville following the last ice age. The lacustrine 
deposits are intercollated with beds of sand and gravel and 
are believed to be alluvial deposits formed during 
recessional phases of the lake (Morrison 1965). The SUA is 
as much as 50 feet thick in some areas of the valley. The 
lower aquifer is the "Deep Principal Aquifer" (DPA), which 
ranges from 0 to 2,000 feet thick. The DPA is composed 
mostly of sand and gravel, with lenses and interbeds of fine 
sand, silt, and clay. The confining unit that separates the 
DPA from the shallow unconfined aquifer is composed of clay, 
silt, and fine sand, and ranges from 40 to 100 feet in 
thickness in the center of the valley. However, toward the
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margins of the valley, the confining unit pinches out, 
allowing the DPA to be recharged in this area. The DPA, as 
shown in Figure 5.2, is a text- book example of an artesian 
aquifer, where the piezometric surface is above the aquifer 
due to the hydraulic head developed within the recharge 
zone. Therefore, some discharge occurs by upward leakage 
through the confining layer into the unconfined aquifer. In 
addition to recharge from below, the unconfined aquifer also 
receives recharge from infiltration of rain water (Waddell 
et al. 1987). At the Sharon Steel Site, the unconfined 
aquifer is overlain by Jordan River flood plain deposits, 
which consist of organic-rich clay and gravelly, sandy clay. 
Locally, the unconfined aquifer is referred to as "the 
shallow sand and gravel aquifer." The tailings material was 
placed directly onto the flood plain deposits and over the 
pre-1958 Jordan River channel deposits. Figure 5.3 is a 
simplified geologic cross-section which summarizes the 
thickness and morphology of each unit using bore hole data 
obtained during the CDM-FPC remedial investigation (RI).
East of the site is a series of lacustrine deposits 
that form a locally perched water table called the "perched 
terrace aquifer" (PTA). The PTA is approximately 68 feet 
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The tailings, according to CDM-FPC (1990), consist of 
"gray to black, very fine to medium-grained, sand-sized 
particles, with interbeds of silty and clayey slimes." 
Microscopic examination has indicated that grains of pyrite 
(FeS2) , galena (PbS) , chalcopyrite (CuFeS2) , covellite (CuS) , 
sphalerite (ZnS) , pyrrhotite (Fe^S) , magnetite (Fe304) , 
hematite (Fe203) , and geothite (Fe(0H)3) are all present 
within the tailings. The bulk composition of the tailings, 
based on average x-ray diffraction analyses, is 
approximately: 61 percent quartz, 14 percent total clay, 13
percent sulfides, 5 percent gypsum, 4 percent calcite, 2 
percent dolomite, and 1 percent potassium feldspar.
Included in the clay fraction are quartz, smectite, 
chlorite, illite, iron oxyhydroxides, calcite, jarosite, and 
pyrite. However, it should be realized that the tailings 
are inherently heterogeneous, since ores from all over the 
western U.S. were processed at the Sharon Steel facility 
using a variety of milling techniques.
Figure 5.4 shows how the upper units are distributed 
laterally. Notice that the only unit separating the 
tailings waters from the shallow unconfined aquifer is the 
thin flood plain deposits. Therefore, the unconfined 
aquifer receives recharge water from the tailings.
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Discharge from the upper unconfined aquifer was found to 
flow into the Jordan River, based on piezometric 
measurements taken at 13 different monitoring wells. Thus, 
it may be assumed that contaminants leached from the tailing 
would find their way into the unconfined aquifer or the 
Jordan River, but not into the DPA or PTA.
5.3 Sampling Procedures
The collection of ground water and borehole sediment 
samples was performed by CDM staff using protocols designed 
to provide samples representative of the in-situ 
environment. Extreme care was taken not to cross 
contaminate or alter the redox state of the samples. Where 
metals analyses were required, the samples were filtered 
through a 0.45 micron filter. A detailed description of the 
sampling procedures taken from (CDM-FPC 1990) can be found 
in Appendix A, while the analytical techniques are presented 
in Appendix B. In all, ground water samples were taken from 
38 wells. Of these, 16 were sampled 2 or 3 times over a 
period of from a few days to months. Samples were collected 
in all aquifers, including the tailings, the unconfined
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aquifer, the DPA, the PTA, and at locations up-gradient of 
the site in order to obtain background concentrations.
All ground water samples were analyzed for F, Cl, S04, 
N03, C032‘, Al, Sb, As, Ba, Be, Cd, Ca, Cr, Co, Fe, Pb, Mg,
Mn, Hg, Ni, K, Se, Ag, Na, Tl, V (total), Zn, acidity and 
alkalinity. In addition, field measurements of Eh, pH, 
specific conductivity, TDS, temp., Fe2+, and Fe (total) were 
made. For a limited number of samples As3+ was measured 
using differential pulse polarography in HC1 media (Myers 
and Osteryoung 1973) and ion exchange (Ficklin 1983). The 
analytical results are presented in Appendix B.
5.4 Arsenic Redox Kinetics
The results of the arsenic speciation analyses obtained 
using the ion exchange method and the polarography method 
gave radically different results. The ion exchange method, 
indicates that As in both the tailings and subtailings 
(unconfined aquifer) consists of chiefly As(V). However, 
the polarographic As analyses suggest that the tailings are 
enriched in As(III) relative to As(V). The ion exchange 
results suggest (probably fortuitously; see below) that As 
is nearly in a state of redox equilibrium, whereas the
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polarographic data imply that the system is in 
disequilibrium. It has been suggested that the As3+/As5+ 
redox couple be used to calculate the Eh of natural waters 
(Cherry et al. 1979); however, there is abundant evidence 
that the redox kinetics of As3+ oxidation are sluggish. 
Nicholson et al. (1983) and Holm and Curtis (1991) found 
that even in ground water systems with long residence times, 
differences of up to 200 mV exist between measured 
potentials using the platinum electrode and potentials 
calculated from As speciation data, although, a covariance 
in the values was observed. Laboratory studies reported by 
EPRI (1986) have shown that in solutions containing 02, H2S, 
Fe3+, and As concentrations typical of natural waters, 
oxidation or reduction of arsenic takes months or even years 
to reach equilibrium. Furthermore, oxidation of As3+ is 
considerably slower above pH 5 (Cherry et al. 1979). 
Therefore, the tailings waters, which have pH values ranging 
from 7 to 8 are likely to have extremely slow As redox 
reaction rates. When one compares arsenate adsorption rates 
(on the order of hours) to arsenite oxidation rates (on the 
order of months) it is not hard to imagine why the measured 
As3+ might exceed the amount predicted from Eh measurements. 
In addition, As3+ must be continually produced within the
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tailings due to oxidation of As containing sulfide minerals. 
In light of these arguments, As speciation based on the 
polarographic data will be assumed in future simulations, 
rather than the As speciation computed from ion exchange 
results or from the assumption of redox equilibrium with 
respect to As.
5.5 Ground Water Modeling
5.5.1 Arsenate Complexes
The ground water analyses for which As speciation data 
are available have been modeled using MINTEQ. Arsenate and 
arsenite were entered separately into the input file and the 
As3+/As5+ ratio fixed, such that it was not equilibrated by 
the program. In addition, the lab pH was used, rather than 
the field pH, due to the fact that the field measurements 
were made during the winter, and the electrode solutions 
tended to freeze. Simulations showed that Fe3+, Mg2+, Ca2+, 
and H+ arsenates are the most important complexes. Table
5.1 lists the arsenate species of importance, and their 
relative percentages of the total arsenate in the system 
(example MINTEQ output files are presented in Appendix D). 

































































































































































































































































the stability of the Fe3+, and H+ arsenate complexes 
explains the observed distribution. In the case of sample 
001-058-1620, MnHAs04 appears in the distribution, due to 
the high Mn concentrations measured in this sample. From 
these results, it is apparent that the assumption made by 
many investigators, that only the arsenic acid species need 
be considered is incorrect. In fact, approximately 40% of 
the species present in these waters are metal arsenate 
complexes. The fluoroarsenate complexes are not important. 
The lack of H2As04-M complexes reflects the low stability of 
these species, as indicated in Table 3.6, and the high pH of 
the ground waters.
5.5.2 Arsenate Mineral Saturation
The alkali pHs of the tailings reflect the fact that 
the material was probably treated with lime Ca(0H)2) prior 
to disposal (CDM-FPC, 1990; Olsen et al. 1991). The high 
sulfate content of the subsurface waters and the presence of 
oxides within the tailings indicate that oxidation is 
occurring. Due to the extremely low concentration of Fe3+ 
possible at the pH of the Sharon Steel ground waters,
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oxidation of the sulfides is most likely due to Fe(OH)3(s) 
or 02(g). For example:
FeS2 + 14Fe (OH) 3 + 26H+ = 15Fe2+ + 2S042‘ + 34H20
The mineral saturation index data produced from the MINTEQ 
simulations indicate that no arsenate mineral is closer than 
7 orders of magnitude to saturation. These results are 
entirely consistent with the arguments presented in Section 
4, and appear to rule out the possibility for pure-phase 
mineral control of As in this system.
5.5.3 Fe(OH)3 Saturation
The pIAP (-log of the ion activity product), values for 
Fe(OH)3, calculated from the MINTEQ output, average 35.86. 
For frehly precipitated ferric hydroxide, pKsp should equal 
about 37.6 at 14.6 °C (corrected for temperature using 
equation 4 in Langmuir and Whittemore 1971). The apparent 
supersaturation of the system may indicate that arsenic 
affects the precipitation kinetics of Fe(OH)3. However, a 
similar degree of supersaturation is predicted when modeling 
background and DPA waters, where As concentrations are below
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detection. A possible explanation for this may be found in 
the procedures used to preserve the samples. Use of a 0.45 
micron filter and an HN03 preservative, may have resulted in 
a significant fraction of the particulate iron passing 
through the filter, which was subsequently dissolved by the 
HN03. Kennedy et al. (1974) have shown that by using a 0.1 
micron filter aqueous iron concentrations may be further 
reduced by about 30%. However, Langmuir and Whittemore 
(1971) report that errors in Fe (total) of ±10% result in 
differences of only ±0.05 pIAP units. Therefore, filtering 
errors do not appear to be significant enough to account for 
the apparent supersaturation with respect to ferric 
hydroxide. In addition to Fe (total) analyses, two other 
measured parameters that effect the IAP of Fe(OH)3, are Eh 
and pH. However, the fact that the ground waters are well 
poised and relatively low in dissolved oxygen, sulfide 
(Whitfield, 1974) and soluble organics (Langmuir, 1971) 
combined with the stringent calibration and measurement 
procedures employed, argues against significant Eh errors. 
Similarly, the well buffered ground waters and the equally 
stringent procedures for pH measurement makes a pH error of 
the magnitude required unlikely. Langmuir and Whittemore 
(1971) have calculated that for uncertainties of ±0.01 volt
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and ±0.05 pH in the measurement of Eh and pH result in 
differences of only ±0.17 and ±0.15 pIAP units respectively. 
An additional concern may be the possibility of an important 
ferric iron complex that has not been considered. However, 
this seems unlikely in light of the relatively complete 
thermodynamic database for iron. Another possibility is 
that the solubility of Fe(0H)3 is increased due to the 
isomorphous replacement of Fe3+ by Al3+ as suggested by 
Schwertman (1984), however, a quantitative or thermodynamic 
treatment was not presented in the study. Therefore, the 
question of the apparent supersaturation of Fe(OH)3 remains 
for future studies.
'^5.6 Controls on As in the Ground Water and Sediments
The strong correlation between As and Fe for sediment 
in contact with aqueous As, discussed in Section 4, is shown 
in a plot of Fe vs. As for the subtailings corings obtained 
from wells 601 and 751 (see Figure 5.5). The correlation is 
strong (r2 = 0.93), except at As concentrations less than 
about 50 mg/kg. Since flow within the subtailings is toward 
the Jordan River, and DPA waters are continually recharging 
the aquifer from below, deeper parts of the aquifer are not
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significantly affected by the tailings waters. Figure 5.6 
is a plot of As concentration vs. depth for well 601, and 
confirms this hypothesis. Therefore, sediment samples taken 
from the lower levels of the aquifer have not been exposed 
to significant amounts of As. The fact that As 
concentrations in the sediment covary with those of Fe 
suggests that either an Fe-As pure phase mineral, an Fe-As 
solid-solution or adsorption of As onto Fe(0H)3, controls 
arsenic in the system. As discussed previously, scorodite 
is unstable above pH = 2-3, and dissolves incongruently to 
form Fe(0H)3. Thus, scorodite is extremely unlikely to 
control As in this system. The other two possibilities are 
sorption and solid-solution. However, at low As 
concentrations, where sorption is likely to be the 
controlling process, the correlation breaks down, as shown 
in Figure 5.7, which is a plot of Fe vs. As concentrations 
in the sediment for the lower part of the subtailings 
aquifer and the DPA. A possible explanation is that, As 
sorption is not specific to ferric hydroxide, and that other 
minerals such as A1(0H)3 may be important sorbents. In 
addition, sorption is a surface phenomenon sensitive to 
grain size variations within the aquifers. The strong Fe 
vs. As correlation at As sediment concentrations greater 1
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than about 50 mg/kg suggests that an equilibrium process 
such as solid-solution is limiting As concentrations at the 
site. Based on this assumption, the slope of the least- 
squares regression line for the data plotted in Figure 5.5 
was used to calculate the mole fraction (x) of As in the 
solid (x = 1/slope). The equation of the line is:
Fe = 79.9(As) +0.23
such that x = 1/79.9 = 0.0125. Notice that the intercept of 
the line does not go through the origin. The ”y-intercept11 
value of approximately 0.2 3 mol/kg Fe represents the 
quantity of Fe that does not interact with As. Examples may 
include detrital minerals such as magnetite (Fe304), biotite, 
peroxenes, and amphiboles such as hornblende, that are high 
in iron, crystalline, and are generally poor sorbents.
Using the SSAS solubility product equation presented in 
Section 4 Kss values of 35.03 and 35.23 were obtained for 
subtailings wells 601 and 751 respectively. Using the above 
and the pKss and pHs calculated from the Hess and Blanchar 
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Figure 5.6
Correlation between Iron and arsenic within the deep 
subtailings and DPA sediments.
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was constructed (see Figure 5.8). The graph shows that K88 
varies linearly with pH, such that:
pKss = 3 . 35pH + 8.45 (5.1)
The data of Aggett and O'Brien (1985), was included on the
figure, but not used in the calculation of the linear 
regression equation, due to the complicated nature of that 
system (as discussed previously).
Combining equations 4.8 and 5.1 yields:
PKSS = 3 . 35pH +8.45 = p K ^ p K p ^  (1-x) (5.2)
Setting the pIAP for Fe(OH)3(from Sharon Steel Well 601) 
equal to pKFc(OH)3 and solving for x then gives:
X  = 2.39 - 0.300pH (5.3)
Therefore, solving for x=l and x=0 gives the pH range in 
which the solid-solution is stable (4.6-8.0). Notice that 
the lower pH limit, which corresponds to the pH of the 
incongruent point for scorodite, is about 2 log units higher 
than the values reported by Robins (1990a) and Krause and 
Ettel (1988). This descrepency may be due to the fact that 
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FIGURE 5.7
Variation of arsenic content with depth for subtailings 
materials collected during installation of Well €01
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Sharon Steel groundwaters), whereas the experimental studies 
were performed at 25°C.
In order to check the reliability of the assumption 
that Kss is equal to K^'Kp^o^1'*, the pH of the ground water 
from Sharon Steel well 601 (pH = 7.9) was entered into 
equation 5.3 and the resulting As mole fraction in the solid 
(x) was compared to the value obtained from Figure 5.5.
From equation 5.3, an x value of 0.020 was obtained, which 
compares reasonably well with the value computed above (x = 
0.0125), considering the uncertainties in pKFe(OH)3. Assuming 
equation 5.3 is valid, the mole fraction As in the Sharon 
Steel subtailings sediments can be calculated for any given 
pH.
An Fe(0H)3-FeAs04 solid-solution may result from 
sorption followed by diffusion and solid-solution formation, 
(provided the Fe(OH)3 is amorphous), or precipitate directly 
from solution. For instance, within the subtailings aquifer 
Fe(0H)3 may precipitate in response to mixing Fe2+-rich 
waters with oxidizing DPA water (based on PHREEQE 
mixing/modeling presented in CDM-FPC 1990). In this case As 
is present during Fe(OH)3 precipitation, which probably 
leads to different behavior than if As is brought into 
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Robins (1990b) has suggested that when Fe(OH)3 is 
precipitated in the presence of arsenate, the behavior of As 
cannot be described using conventional models such as the 
Langmuir Isotherm. However, in Robins' study, Fe(0H)3 was 
precipitated using methods that favor its rapid 
precipitation, which may result in occlusion and mechanical 
entrapment of As. In contrast, Fe(OH)3 formation within the 
subtailings zone is probably slow, since the precipitation 
can be no faster than the introduction of oxygen in soil air 
or recharge water. Thus, As behavior in the presence of 
slowly precipitating Fe(0H)3 requires further study.
k 5.6.1 Fe(OH)3 - As Precipitation Test
To study the removal of As from solution as a result of 
Fe(0H)3 precipitation, CDM-FPC conducted an experiment in 
which a sealed, unpreserved, filtered tailings water was 
allowed to oxidize (at pH 7.9 and 20°C). Iron and arsenic 
concentrations in a portion of tailings water sample 201- 
046-1230 were measured 5 times over a period of one month, 
from April 9, 1990 until May 11, 1990, when aqueous iron 
concentrations approached zero. In order to determine if As 
removal could be described using adsorption models, the
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initial concentrations of all the species in sample 201-046- 
123 0, and the Fe and As values obtained during each 
measurement were modeled using PHREEQE to obtain final pH 
values for each solution. Since As(III) and As(V) values 
were not measured the arsenic was assumed to consist 
entirely of arsenate, such that a maximum degree of sorption 
could be modeled. The Langmuir adsorption model was chosen 
to model the solutions assuming that competition for sites 
could be ignored. No phosphate was measured in this system. 
Kl and A ^  values for these parameters were obtained for 
each pH value by extrapolating between the values reported 
in Pierce and Moore (1982). The use of a Concentration 
Langmuir Isotherm as opposed to an Activity Langmuir is a 
justifiable simplification, based on the fact that the ionic 
strength of sample 201-046-1230 (1=0.0687) is significantly 
higher than in the experimental solutions of Pierce and 
Moore (I«0.0003). Therefore, activity and complexing 
effects on A ^  and KL are expected to have less effect in 
Pierce and Moores system than will in sample 201-046- 
1230. Both complexing and ionic strength effects decrease 
C^, such that ignoring these factors causes an over 
prediction of for sample 201 to be made. The overall 
effect results in an over estimation of the amount of
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adsorption, which may provide a limiting value. The results 
of the modeling are presented in Figure 5.9, along with the 
observed removal for comparison. Clearly, actual removal of 
arsenic is greater than predicted by the Langmuir Isotherm, 
even when every effort was made to describe a maximum 
adsorption scenario. However, it may be argued that the 
number of sorption sites present in the system of Pierce and 
Moore is less than in this system, where surface areas are 
expected to be greater. In order to examine if sorption 
site density is enough to explain the differences, the data 
were modeled using the Kd isotherm, which assumes an 
infinite number of sorption sites. Again, Kd values from 
Pierce and Moore were used and As was assumed to be all 
arsenate. The results are illustrated in Figure 5.9. While 
the Kd predictions are higher than those using the Langmuir 
Isotherm the removals are still not as high as observed in 
the experimental system, especially for the first 
precipitation interval. The extremely high initial removal 
of arsenic is probably due to the fact that the original 
solution contained only 0.04 ppm As(V), vs 1.03 ppm As(III). 
Based on this, it may be theorized that during the initial 
precipitation the As(V) was preferentially removed. During 
subsequent precipitation intervals the As must have been
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predominately As(III), since the oxidation rate of arsenite 
to arsenate is much slower than the oxidation rate of 
ferrous iron to ferric iron at pH 7.9 (Cherry et al. 1979), 
and Fe2+ was not totally oxidized until the end of the last 
interval. Thus, for all but the first interval the 
comparison between the model predicted and actual As removal 
is actually much closer than suggested by Figure 5.9. Since 
actual As removals are significantly greater than the model 
predictions sorption is unlikely to control aqueous As 
concentrations under the conditions of the experiment.
5.6.2 Column Studies
Column studies were conducted by the Bureau of 
Reclamation in order to examine the adsorptive behavior of 
arsenic. A composite of uncontaminated substrate collected 
from 4 different locations was placed in stainless steel 
columns 12 inches long and 4 inches in diameter. The soil 
was packed to a density simulating field conditions by use 
of a drop hammer. Tailings water collected from well 201 
was placed in a stainless steel reservoir under a nitrogen 
atmosphere and introduced to the column in an up-flow 











































































approximately one pore volume per day in order to simulate 
the ground water velocity at the site. As a control, a 
column packed with glass marbles was run consecutively with 
the other columns. Periodic measurement of pH, dissolved 
oxygen, Eh, specific conductance, sulfate, chloride, total 
arsenic and the 25 ICP metals listed in Appendix B was 
performed. At the point where the soil appeared to be 
saturated, the influent was changed to background water 
collected from well 402, in order to study desorption.
Using the BIO-ID computer code, a retardation factor (R) was 
calculated by dividing the pore volumes for arsenic to reach 
one-half the source concentration (0.5 C/Co) by the pore 
volumes for chloride to reach one-half concentration. Kd 
was then calculated using the following equation:
r  = i + oyx?) (5.4>
(n e )
Where P is the bulk density and ne is the effective 
porosity. Breakthrough curves were then modeled, assuming a 
chloride dispersion coefficient of 0.1 ft2/day (Olsen et. 
al. 1991). The average Kd value obtained was 4.2. The 
desorption tests exhibited non-linear behavior, and were
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best described using the Freundlich Isotherm, which can be 
defined by the following:
A  -  Kfi- ( 5  5 2 )
Where n is a constant. When 1/n is less than 1 the function 
forms a concave downward curve that allows for a finite 
number of sorption sites to be considered. When 1/n is 
equal to 1 equation 5.̂ 2 becomes identical to the Kd 
isotherm. The average Kf and 1/n values for the desorption 
process were 8 and 0.6 respectively. An example of the 
adsorption and desorption curves is illustrated in Figure 
5.10. An important finding that resulted from the 
desorption studies was that only 20 percent of the arsenic 
removed during the adsorption phase was recovered during the 
first 12 pore volumes of desorption. The apparent 
irreversibility of As sorption has been interpreted to 
indicate that an As mineral surface precipitate may have 
formed. Such a hypothesis is consistent with the findings 
of Benjamin and Bloom (1981). However, based on the 
thermodynamic data and mineral occurrence considerations 
presented previously, there is no pure phase arsenate
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mineral capable of forming such a precipitate, given the 
conditions of the experiment. The most likely precipitate 
may in fact be a solid-solution phase of Fe(OH)3 and FeAs04. 
Formation of a surface precipitate may explain the 
irreversibility of the process. In addition, during the 
desorption phase, flow to the column was shut off for one 
week, in order to determine if kinetic factors influence 
desorption. Interrupting the flow caused the removal of an 
additional 20 percent As (by mass). The effect of flow 
interruption is illustrated by Figure 5.11, which is an 
enlargement of the desorption part of Figure 5.10. The 
additional removal of arsenic over a one week period, when 
specific adsorption-desorption reactions occur on the order 
of hours adds support to the solid-solution theory.
During the "adsorption" phase As may form a surface 
precipitate that when suddenly exposed to low As background 
waters must dissolve incongruently in order to reach 
equilibrium with the new conditions. Such a scenario may 
explain why the removal of As occurs faster than its re- 
introduction into solution, because in the latter process 
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FIGURE 5.11
Enlargement of the desorption curve shown in Figure 5.8. 





The results of the current investigation of the 
geochemistry of arsenic at the Sharon Steel site helps to 
clarify the series of processes that effect As 
concentrations at the site. Presumably, the original source 
of As in the tailings was from As-sulfide minerals such as 
arsenopyrite (FeAsS), or from As impurities within pyrite 
(FeS2) . Infiltration of oxic rainwater through the tailings 
materials probably caused the sulfide in these minerals to 
be oxidized to sulfate ion, releasing heavy metals and 
arsenite in the process. Addition of lime (CaO) to the 
tailings during disposal has buffered the tailings waters to 
a pH of about 7 to 8. The relatively high pH, contaminated 
tailings water eventually seeped through the thin layer of 
flood deposits and into the underlying sand and gravel 
aquifer (subtailings aquifer) where it was mixed with oxic 
groundwater upwelling from the DPA. In the subtailings zone 
arsenite is oxidized to arsenate by oxygen, or by Fe(OH)3.
An Fe(0H)3-FeAs04 solid-solution then probably formed by 
direct precipitation from solution. Arsenate may also have 
been removed by sorption onto, and subsequent diffusion into 
pre-existing ferric oxyhydroxides. As arsenic
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concentrations were reduced, and the tailings water migrated 
further from the source, sorption onto mineral surfaces took 
over as the dominant process limiting As concentrations.
The relatively rapid removal of arsenate by the above 
processes compared to the slow rate of arsenite oxidation at 
pH values above 5 resulted in a state of disequilibrium with 
respect to the As(III)/As(V) redox couple.
Given the often non-equilibrium behavior of the Sharon 
Steel groundwaters with respect to As, subsequent studies 
are needed that focus on kinetic factors, residence times 
and other transport phenomena. A study of this type is 
currently under way, which will utilize the thermodynamic 
data and expand upon the As controls presented within the 
present study in order to determine how mobile As is within 
the Sharon Steel subsurface waters.
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6.0 CONCLUSIONS
Contrary to popular belief, arsenate forms a variety of 
significant complexes other than those with H+ and Fe3+. By 
estimating stability constants for a variety of metal 
arsenates and modeling the Sharon Steel subsurface waters, 
MgHAsO/, MgAs04', CaHAs04°, CaAs04‘, and MnHAs04' were found to 
be the most important ion pairs, with log K(assoc) values of 
2.86, 6.35, 2.69, 6.22, and 3.74 respectively. Due to the 
abundance of Ca2+, Mg2+, and Mn2+ and the near neutral pH of 
most ground waters and some surface waters, these same 
species may be expected to be important in many other 
systems. Therefore, arsenate is more mobile than predicted 
when considering only H* and Fe3+ complexes.
The pure phase arsenate minerals of importance include, 
scorodite (FeAs04 2H20), and possibly sterlinghillite 
(Mn3(As04)2 8H20) and schultenite (PbHAs04) . By considering 
ionic strength and complexation effects, pK^ values of 
29.4410.44 for (Mn3(As04)2) , 37.18 ±0.65 for Pb3(As04)2 and 
25.8710.18 for (FeAs04 2H20) were obtained, using the raw 
data of Hess and Blanchar (1976) and Krause and Ettel 
(1988). From the scorodite value, a pKsp of 22.7 ±1.07 was
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calculated for mansfieldite (A1As04 2H20), using a graphical 
correlation technique. The uncertainty was calculated from 
the error associated with the linear regression line and the 
pKgp of scorodite. These values are higher than the 
literature values except for a few minor exceptions in which 
experimental errors may have occured. Although the higher 
pKsp values tend to make the minerals seem more insoluble, in 
natural systems where the metal ion concentrations are 
similar to the experimental solutions from which the K^'s 
were derived, the effect of complexation is minimal. In any 
case, pure phase arsenate minerals are not very important in 
limiting As concentrations in natural waters except under 
unusual circumstances where As concentrations are extremely 
high.
Based on a thermodynamic treatment of an experimental 
system and on several natural systems, a major control on As 
concentrations appears to be by the solid-solution phase 
Fe (OH) 3-FeAs04. pKss values may be predicted in natural 
waters using the equation pKss = 3.35pH + 8.45, and for 
Sharon Steel x can be estimated using x = 2.39 - 0.30pH.
The evidence supporting the idea that an Fe(OH) 3-FeAs04 
solid-solution is an important control on aqueous As 
concentrations can be summarized as follows:
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Agreement between solid-solution model predictions 
and the distribution of As in natural systems.
The strong correlation between Fe and As in 
sediments with high As concentrations.
The greater degree of As removed from solution when 
precipitated with Fe than predicted using sorption 
models.
The irreversibility of As sorption observed in 
column studies.
The formation of Fe (OH) 3-FeAs04 may occur either by 
direct precipitation from solution or via sorption and 
diffusion. However, the latter process can only occur when 
the Fe(OH)3 is amorphous. For instance goethite is not 
porous enough to permit As diffusion. In this case, and when 
the pH of the system exceeds about 8 , As is limited by 
sorption processes alone. In general, adsorption of As is 
not specific to ferric oxyhydroxides, and the correlation 
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SUBSURFACE SOIL AND 
GROUND WATER SAMPLING PROCEDURES
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Samples were collected using Split Barrel Core (SBC) Samplers, stainless steel Shelby tubes (for 
geochemical analysis), and carbon steel Shelby tubes (for physical analysis). SBC samplers and 
Shelby tubes were driven using several methods. When angering, samplers were latched into the lead 
auger section and advanced through foe desired interval with foe augers. When utilizing rotary 
drilling techniques, foe sampler was attached to a small diameter drill rod and driven through foe 
undisturbed sampling interval using pressure from foe pneumatic casing hammer or by driving with a 
140 lb. or 300 lb. drop hammer. Shelby tubes were pushed using foe rig hydraulics. Samples from 
foe SBC samplers were described, photographed, and placed into labeled self-sealing polyethylene 
bags for future analysis. Sample descriptions included percent recovery, particle sizes, moisture 
content, and color. Shelby tube samples were sealed at both ends and stored and transported in an 
upright position and protected from freezing and heat extremes. All samples were secured in locked 
vehicles prior to transfer to foe secured storage facility. Chain-of-Custody Records were completed to 
track the samples to shipment to foe laboratory or storage. Split barrel samplers, Shelby tubes, and 
associated stainless steel tools were decontaminated by washing in an Alconox solution, rinsing first 
with potable water and then with deionized water prior to each use.
2.4 MQMTQRINg W £LL INSTALLATION
The monitoring well installation for foe current program is described below. Although foe February 
1989 well installations are not explicitly presented, foe same procedures were used during foe 
February 1989 phase of foe RI.
Fourteen monitoring wells, one production test well, and two high sensitivity piezometers were 
installed at eight locations. Three monitoring wells, MW-401, MW-701, and MW-651 were installed 
in foe confined, Deep Principal Aquifer. Monitoring wells MW-402, MW-451, MW-501, MW-551, 
MW-552, and MW-702 were installed in foe overlying Upper Sand and Gravel Aquifer upgradient of 
foe tailings. Monitoring wells MW-751 and MW-752 (and high sensitivity piezometer MW-752L) 
and pumping test well MW-753 were also installed in foe Upper Sand and Gravel Aquifer beneath 
the tailings in the vicinity of the 200 and 300 series wells. MW-754 was also drilled in this area and 
contains a high sensitivity transducer buried within the basal tailings material. Monitoring wells MW- 
403 and MW-404 were installed in the Perched Terrace Aquifer upgradient of the tailings. Table 2.4-
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well A-02, water levels within less than a day of cessation of pumping had recovered to an elevation 
higher than their initial level. The average slope of the recovery for all wells near die pumping well 
was 0.012 feet per day. These corrections were not applied in the analysis, since the small magnitude 
of this trend did not significantly affect calculated hydraulic parameters. This hydrograph also 
Illustrates another interference that was active during conduct of the aquifer test. Cyclical pumpage at 
the Sandy City well at the Copperview school affected water levels at all observation wells monitored 
during the test and appear on Figure 2.7-1 as deviations above or below the major water level trend 
during the test. This interference was not confirmed until near the end of the test, when field 
searches located die Copperview well and confirmed its operation. Monitoring of the pump shut-off 
time at the Copperview well was conducted on the of April 27, 1990 in order to estimate the delay 
time when the effects of a change in discharge status was seen at monitored observation wells. This 
delay time was then used to reconstruct the pumping history during the period of die test.
The presence of multiple pumping stresses -  including pumping at MW-753, pumping at 
Copperview, and other unknown sources — that acted on the aquifer at the same time limited the 
utility of standard curve fitting methods of aquifer analysis for all but the wells closest to MW-753. 
These close-in wells were analyzed using methods which account for partial penetration of the 
pumping and observation wells in an anisotropic media. Analysis of other wells was conducted by 
using a superposition model and selecting hydraulic properties for the aquifer, which, when combined 
with die input pumping schedules and location, resulted in an acceptable match between calculated 
and observed response. The superposition model uses analytical expressions to describe the 
drawdown response expected in an aquifer in response to a given stress. Individual calculated 
drawdowns are summed or superimposed to yield a composite aquifer response to an arbitrarily 
complex set of stresses. This method can be used to analyze the effects of multiple wells, effects of 
recharge or barrier boundaries represented by image wells, and multiple pumping rates at a single 
well. The superposition model and its assumptions are described in detail in Section 3.4.
2.8 GROUND WATER SAMPLING
The purpose of the ground water sampling program was to obtain samples that were representative of 
the in-situ physical and chemical characteristics of the groundwater. To accomplish this goal,
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stringent sample collection protocols were utilized. Hie sample collection process is discussed in 
Section 2.8.1. Section 2.8.2 describes the equipment used to collect die samples. Sample handling, 
equipment decontamination, and field screening analyses are each presented in subsequent sections.
To obtain samples which were both spatially representative and temporally representative, 16 out of 
die 38 wells were sampled two or three times over a period from a few days to months. Table 2.8.1 
summarizes the sample collection scheme.
2.8.1 SAMPLE COLLECTION PROCEDURES
2.8.1.1 Monitoring Wells
The following sample collection procedure was used during each sampling event.
1. The well cover was unlocked and cap removed. A decontaminated PVC bladder pump 
and polyethylene tubing were assembled and lowered into the monitor well casing to die 
middle of the screened interval.
2 . The gas drive tubing was connected to the bladder pump controller and the water 
discharge tubing was connected to the inlet of a flow through cell. The flow-through cell 
had the facility to accommodate probes for measuring water characteristics. An 
additional line of tubing, extending down the well to a point just above the static ground 
water level, was attached to the nitrogen exhaust port of the pump controller.
3. A compressed nitrogen line was connected to the pump controller and the controller was 
turned on. The controller was adjusted to give a maximum pump rate which never 
exceeded 2 liters/min. and rarely exceeded 1.S liters/min. The nitrogen exhaust from the 
pump controller was diverted down the well casing via tubing to provide a nitrogen 
blanket over the well water.
4 . Measurements of temperature, pH, specific conductance, reduction-oxidation potential, 
dissolved oxygen, and turbidity were recorded on an average of one reading per 
parameter per 15 minute period.
5 . A purge time was calculated dividing the pumping rate by the purge volume (Figure 2.8- 
2). The pumping rate was determined at the onset of pumping and checked periodically 
during well purging by measuring the time required to fill a one liter plastic bottle. The 
purging of the well was considered complete only if the purge time had been exceeded 
and the field parameters were stable, and turbidity was zero, as measured by a portable
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nephelometer. The field parameters were considered to be stable if they did not vary by 
more than 10 percent over a period of three readings.
6. Once purging was complete, the samples were collected in polyethylene bottles.
Three times die combined volume of water contained in the well casing and the pore space within the 
filter pack were purged before sample collection. Figure 2.8-1 illustrates a typical monitor well and 
the associated nomenclature, measurements, and calculation of purge volume.
2.8.1.2 Test Production Well
A total of eleven ground water samples were collected from the test production well constructed at the 
site (MW-753). Ten of the samples were collected during the pump test for the purpose of 
determining charges in ground water chemistry (if any) with duration of pumping. The sample results 
are included in Appendix D -l. For data interpretation purposes the last sample collected on the first 
day of die pumping test (753-110-1845) has been utilized (see Section 3.2). Because the well was 
being pumped on a continuous basis as part of the aquifer testing procedure, a purging cycle was not 
required before sampling. Frequent monitoring of temperature, specific conductance, pH, Eh, and 
dissolved oxygen and periodic analysis Fe(II) and FeOII) were conducted during the test.
2 .8 .1 3  Private Wells
5amp!ing was also performed on four privately owned wells adjacent to the Sharon Steel/Midvale 
Tailings site. Estimates of purge volume were calculated if details of the already installed well 
construction were known. Field parameters were also monitored as described in Section 2.8.1.1 to 
confirm that evacuation from well storage was adequate. Purging was conducted utilizing the owners* 
pump already installed in the well.
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2 3 3  SAMPLING EQUIPMENT
2 3 3 .1  Monitoring Wells
The equipment used for ground water sampling was selected because.of its ability to extract ground 
water samples with minimal agitation and atmospheric exposure. In addition, the equipment selected 
was constructed of materials that would not introduce contaminants to the sample and could be 
decontaminated easily. A bladder pump operated by compressed nitrogen was used to purge the 
monitor wells and to collect samples. Figure 2.8-2 illustrates a schematic of a bladder pump as used 
In this study. The pump controller regulates the nitrogen pressure applied to the pump, the time 
interval the pressure is applied to the pump, and the time interval the pump is allowed to exhaust 
nitrogen and fill with water. By optimizing the three regulators, it was possible to maximize the 
pumping Tate.
Field water quality measurements were taken using a YS13560 Water Monitor with a flow-through 
cell, a dissolved oxygen meter, and a portable nephelometer for turbidity measurements. The YSI 
3560 was used to monitor temperature, pH, redox potential (Eh), and specific conductance in a 
system closed to the atmosphere. The dissolved oxygen was measured in an open container with a 
constant water flow. During some sampling events, dissolved oxygen was measured both at the 
surface and at the point below the bladder pump in the well casing. The turbidity measurements were 
performed on water that had passed through the monitor cell.
Calibration of water monitors and dissolved oxygen meters was performed daily prior to use of the 
instruments. Buffer solutions of pH equal to seven and ten were used to calibrate pH meters. Redox 
potential probes were checked for accuracy with Zobells solution with a potential of 241 mV. Probes 
used for measuring specific conductance were checked for accuracy using a standard KC1 solution 
with a conductance of 1,000 pmhos/cm. Temperature probes were checked in an ice bath (0.0° C). 
Dissolved oxygen probes were emersed in water at equilibrium with the atmosphere and a known 
temperature; the dissolved oxygen meters were then calibrated to the predicted values of dissolved 
oxygen for the given temperature and elevation. Calibration of nephelometers were performed prior
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to  every measurement by inserting a manufacturer-provided standard and adjusting the meter output to 
the given value for the standard.
Sample water for analysis of metals was filtered using a 0.45 pm in-line filter. Six monitor wells had 
co-located duplicate samples filtered using 1.2 pm in-line filters (see Table 2.8-1). The purpose of 
the duplicates was to make a comparison of the arsenic concentration in the waters collected with the 
1 3  pm filter and the 0.45 pm filter to determine if particles in the size 0.45-1.2 pm range facilitated 
the transport of arsenic.
2 3 3 3  Test Production Well
Ground water samples from the test production well (MW-753) were collected using the submersible 
test pump to withdraw water from the well. The sample water was collected from a sampling port 
installed on the pump discharge line as close as practical to the well head.
2 3 3 3  Private Wells
Samples were collected utilizing pumps already installed by the well owner. Three of the wells 
contained jet pumps, the other was either a turbine or submersible pump. Samples were collected at 
the spigot on the water system closest to the pump outlet. A small piece of polyethylene tubing was 
attached to the outlet which directed water through the flow cell during purging. Once purging was 
complete, the tubing was disconnected from the flow-through cell and used to fill the sample bottles.
2 3 3  SAMPLE HANDLING/PRESERVATION
All ground water samples were collected in polyethylene containers cleaned using proper EPA 
protocols (EPA, 1989). Water for metals analysis was preserved with 2 ml concentrated nitric acid. 
Water for nitrate analysis was preserved with 2 ml concentrated sulfuric acid. Filtered samples (0.45 
p m  filters) included waters for analysis for metals, total dissolved solids, anions, pH, specific 
conductance, and nitrate. Sample bottles were refrigerated before shipment to the CLP lab. Samples 
were shipped via Federal Express in sealed, insulated containers packed with blue ice. Chain-of-
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custody (COC) forms were maintained to document and track sample possession. Custody seals were 
used to demonstrate die Integrity of the shipping containers. Table 2.8-2 summarizes the samples and 
required preservatives.
2 3 3  EQUIPMENT DECONTAMINATION
All equipment that came in contact with die ground water during sampling events was decontaminated 
prior to use by washing with laboratory detergent and rinsing with deionized water. The water 
monitor cell was decontaminated in the same fashion after every use. In addition, field personnel 
wore latex gloves and rinsed the pumps with deionized water prior to placement in the well casing. 
New polyethylene tubing was dedicated for use to each monitor well. After the first sampling event 
for a given well, the tubing was labeled with the monitor well number and stored in a clean plastic 
bag. If  subsequent sampling of the monitor well was required, the same tubing was reused.
2 3 3  FIELD IRON (Fe) ANALYSIS
During each sampling event, water was collected in an 8 oz. polyethylene bottle and analyzed for 
Fe** and total Fe within 20 minutes of collection using a HACH DR/2000 spectrophotometer. The 
HACH method uses 1,10 phenanthroline to produce a color in the presence of iron. The intensity of 
the color is measured using a spectrophotometer and is proportional to the concentration of iron in the 
sample. The iron analysis utilized vacuum ampuls containing measured amounts of the necessary 
reagents. The ampul tip is submerged in the sample and then gently broken off. Up to 40 ml of 
sample is then sucked into the ampul. After a three minute period to allow for completion of the 
reaction, die sample is analyzed. The detection limit of the method is 0.01 mg/1. Calibration checks 
were performed with standard solutions containing known amounts of iron.
2 .9  ANALYTICAL METHODS
The analytical methods employed to analyze the samples collected during the ground water 
investigations are described in the following sections. The subsurface soil sample analyses are 
presented in Section 2.9.1. The ground water sample analyses are described in Section 2.9.2.
T -4 1 2 8 166
2 3 .1  SUBSURFACE SOIL SAMPLES
The subsurface soil samples collected in connection with die ground water investigations were 
analyzed for both chemical and physical parameters. The chemical analyses were performed by two 
Contract Laboratory Program (CLP) laboratories and by the National Enforcement Investigation 
Center (NEIC) Denver, Colorado. The physical parameters were analyzed by the Bureau of 
Reclamation (BOR), Denver, Colorado (Section 2.10).
23 .1 .1  Contract Laboratory Program Analyses
The laboratory followed the February 1988 Statement of Work (SOW 288) for the RAS inorganic 
parameters. In general, the metals analysis was the standard CLP digestion, followed by a screening 
analysis for As and Pb using inductively coupled plasma (ICP) techniques (Method CLP 200.7). The 
remaining metals on the target analyte list (TAL) were analyzed according to CLP RAS procedures. 
If the ICP result was less than 1,000 pg/L in the digestate for either element, die sample was 
subsequently analyzed by graphite furnace atomic absorption (GFAA) (CLP 200 series method). The 
ICP screen was used to determine the appropriate spiking levels and dilution factors for the GFAA 
analysis. Specific conductance and pH were also measured. The analytical methods for the SAS 
parameters are summarized in Table 2.9-1. The forms of sulfur analysis was performed according to 
the method referenced in the SAS request. The analysis results from these samples are presented in 
Appendix D, and are discussed in Section 3.3.1.
2 .9 .1 3  National Enforcement Investigation Center (NEIQ Analyses.
Forty-seven solid samples consisting of three tailings samples, two smelter slag samples, one bag 
house dust sample, one dross sample, one house paint sample, and 37 soils from the vicinity of the 
tailings site, were submitted to NEIC for analysis. Twenty-five elements (Al, Sb, As, Ba, Be, Cd, 
Ca, Cr, Co, Cu, Fe, Pb, Mg, Mn, Mo, Ni, Se, Si, Ag, Na, Sr, Tl, Ti, V, and Zn) were determined 
In the solid samples. All of the samples were prepared for analysis by a fusion technique. 
Simultaneous inductively coupled plasma atomic emission spectroscopy (ICP/AES) methodology, 
similar to EPA Method 6010, was employed for analysis. A complete description of the sample
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preparation and analysis is provided in die report issued by the NEIC Project Coordinator (NEIC 
1990a). These analysis results are shown in Appendix E and Section 3.3.I.2.
2 .9 3  GROUND WATER SAMPLES
The ground water samples collected were analyzed for a number of parameters. The analyses 
performed by the CLP lab are described in Section 2.9.2.I. These sample results are included in 
Appendix D. Section 2.9.2.2 describes the NEIC electrochemical and elemental analyses procedures, 
and Section 2.9 .23 describes the stable isotope and tritium analyses performed by Global 
Geochemistry and die University of Miami, respectively. The results of these analyses are shown in 
Appendix E and are discussed in Section 3.3.2.
2 3 3 .1  Contract Laboratory Program (CLP) Analyses
The ground water analyses were conducted according to the SAS request included in the Field 
Operations Plan (CDM 1989). The laboratory followed SOW 288. All of the monitoring well water 
samples were analyzed by ICP (CLP 200.7) for the 23 RAS (Routine Analytical Services) metals 
including for As and Pb. Similar to the subsurface soils, if either As or Pb was detected below 1,000 
jtg/L, the sample was analyzed by GFAA (CLP 200 series). Appropriate spiking levels and dilution 
factors for the GFAA were based on the ICP screening results. The ground water samples were also 
analyzed for a number of other parameters including pH, specific conductance, chloride, nitrate, 
carbonate/bicarbonate, sulfate, fluoride, acidity, total dissolved solids (TDS), and total suspended 
solids (TSS). The methods used were those specified in the SAS request. The methods are listed in 
Table 2.9-2.
Water samples generated from the batch and column tests (Section 2.10) were also analyzed for RAS 
metals according to RAS methods (SOW 288). The samples were digested prior to analysis, 
regardless if they had been field filtered or not.
ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN, CO 804 01  -
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or water quality analyses for metals. However, the polymer was not used in any zone which could 
affect future testing or water quality sampling of the well in which it was used, or adjacent wdls.
All drilling equipment was decontaminated between each borehole by high pressure hot water 
washing. All downhole equipment was similarly decontaminated. Soil sampling tools such as split 
spoons and shelby tubes were further treated by washing in a laboratory detergent solution and rinsing 
with potable and deionized water prior to use. In addition, any downhole equipment that was 
removed from foe borehole was either placed on decontaminated storage racks between uses, covered 
with plastic tarps if necessary, and/or decontaminated with high pressure hot water prior to 
replacement in foe borehole. If, for any reason, foe on-site hydrogeologist believed potential for 
downhole contamination existed, foe equipment in question was decontaminated with high pressure 
hot water or by washing in an Alconox solution with potable and deionized water rinses prior to use.
2 3  SUBSURFACE SOILS SAMPLING
At each drilling location, subsurface soil samples were collected from at least one boring to 
characterize physical and geochemical conditions. Where possible, near continuous sampling was 
performed. Generally, the deepest borehole at each location was sampled. Gaps in the sample record 
or zones of interest were resampled in subsequent boreholes when possible. At several locations, 
saturated and flowing sands and gravels or large pebbles were encountered. In these intervals 
continuous sampling was attempted using many methods (including split barrel samplers of various 
diameters, Shelby tubes, and standard and spring-loaded coring devices). Sample recovery was often 
poor due to sampler refusal on large pieces of gravel or foe inability to retain the fluid samples within 
foe sampler. After consultation with foe TAC, sampling of five foot intervals in foe sands and 
gravels was recommended. The samples were collected with split spoons at discrete five-foot 
Intervals. While drilling these intervals, foe drill cuttings, drill behavior, and drill circulation water 
were carefully monitored to determine contact with materials of differing properties. When such 
contacts were indicated, continuous sampling was resumed. This modification to the drilling program 
considerably expedited foe completion of several difficult boreholes while maintaining a reliable 
lithologic record of foe subsurface materials.
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APPENDIX B
SUBSURFACE SOIL AND 
GROUND WATER ANALYTICAL RESULTS
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Ground Water Sampling Summary
T8S TDS Metals Metals As Purge
pH AnL Nitrates 6etB  8etH Fe (HCQ Stable Pump Water VoL
Cond.0.45F (SQ3) 0.45F 1J2F 0.48F 0.45F Isotopes Depth Level Liters
PerohedTerraoe Wells ........ ..........
(P-1) 403 X X ' x *- X -~x *■ D.O NC
CP-2) 404 X X -<• X h AX A X D.O NC
OW-1 X X •. *< x ■*.- N̂V. > ✓ X Mx i* D.O 44.1 16.0 60.66
004 Dry
MW-1 X X X D.O 44.1 16.6 126.49
Tailings Wells • ■ ! i, i f
001* X X A->X X »*> x DfO 41.55 41.6 152.06
002* X X .>;,x ‘V X x\XM 44.46 44.6 103.31
003* X X X *I.NA D.O.S.T 32.79 21.5 306.66
MW-201 * X X 1.-VX-V X *yi?-D.O.S.T 63.15 49.6 100.96
MW-204* X X * '; *. X-f' X D.O 44.67 48.9 16.95
MW-301* X X 'f * X ‘t * X vx^ D.O.S 57.37 49.1 87.69
MŴ -303* X X x v.'i>x̂ X A.x A DfO 49.16 49.6 61.62
SRK-2* X X X'"-' X '•f'-'X ^ 47.76 46.3 116.45
SRK-10* X X X X - x 43.73 37.2 139.72
Upper UribonrinedAquiferWells >
MW-402 XX XX XX xxn XX XX • D.O.S 0.00 60.2
MW-451 XX XX XX XX AXX® XX XX *D.O.S.T 53.32 29.4 341.17
(D-3) MW-702 X X * X N, -xi X A x * ’DrO 0.00 NC
(D-4) MW-752* XX XX XX XX 1XX1 XX ■;-XX;i DfO 0.00 NC 224.00
(D-5) M W-751 *XX XX XX XX V̂-XX-S XX X X' D.O 69.32 60.5 102.29
(D-6) MW-601* XX XX XX XX <XXI XX K«P)N D.O.S.T 67.68 46.6 113.02
(D-7) MW-501 XX XX XX XX? XX NXX D.O.S,T 31.00 7.96 337.96
(D-8) MW-551 XX XX XXM X X * XX XX i D.O 10.92 7.74 219.49
(D-8A) MW-552 XX XX X X  ' X X * XX XX^ D.O 17.76 7.35 143.67
MW-202* XX XX XX XXB AXXA XX XX *•: D.O 99.65 60.8 174.95
MW-203* XX XX XX - XX -'X X  A XX XX D.O.S.T 76.94 61.3 147.83
MW-302* XX XX XX XX 1 XX XX D.O 75.32 60.8 68.35
A-01* X X -X 'X -A X D.O 72.45 57.3 130.12
A-02* X X :-r X A X V"XT< D.O 66.69 68.6 73.11
A-03* X X • ,x ■»-. xvl X •VXA'- D.O 59.75 46.0 89.63
OW-2* X X > x . AX i&j X D.O 14.70 11 80.31
OW-3* X X AX'“Pj X ~*X*^ D.O 33.14 10.9 56.52
MW-2 X X ■&x<i X A'X4?j 16.46 18.6 42.22
MW-3 X X r'X *iAXA X Dry
MW-13 73.06 60.8 171.97
Deep Principle Aquifer Wells !,
(DPA-1) MW-401 X X !• X*^ X X * D.O 242.60 883.89
(DPA-2) MW-701 X X - x -X A X X v| D.O 174.28 816.16
(DPA-3) MW-651 X X «  x- X ^j X D.O
Stream D.O
Precipltaion D.O.T
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Well Well 001 002 003
Sampl. # Sampl. # 001-058-16 002-069-14 003-124-12
Duplicate Duplicate 001K 002L
Date Date 2/27/90 3/10/90 3/4/90
Filter Microns Filter Microns 0.45 0.45 0.45
Analysis Units Analysis Units Q Q Q
Temp. C Temp. C 13.80 16.40 1430
pH P.U. pH P.U. 730 7.60 7.90
Field pH P.U. Field pH P.U. 731 734 7.76
Eh mV Eh mV 88.00 322.00 89.00
Spec.Con umho/cm Spec. Con umho/cm 1790.00 V 3550.00 JA 1840.00 JA
TSS _ mg/l TSS mg/l 1730 V 4.00 UV 4.00 UJA
TDS mg/1 TDS mg/l 1370.00 V 3280.00 V 1710.00 VF mg/l F mg/l 3.60 V 3.80 V 2.90 Va mg/l a mg/l 202.00 V 242.00 V 134.00 V
S04 mg/l S04 mg/l 484.00 V 1990.00 V 935.00 V
N03 mg/l N03 mg/l 0.33 JA 0.33 JA 0.10 UJA
C03 mg/l C03 mg/l 5.00 R 5.00 UR 5.00 UV
HC03 mg/l HC03 mg/l 239.00 UR 34.80 R 60.40 V
Aridity mg/l Aridity mg/l 10 UR 10 UR 10 UV
A1 ug/1 A1 ug/1 27.00 UV 27.00 UV 22.00 UV
Sb ug/1 Sb ug/1 28.00 UV 28.00 UV 38.00 UV
As ug/1 As ug/1 1510.00 V 93.00 V 816.00 V
Ba ug/1 Ba ug/1 29.20 JA 11.20 JA 11.60 JA
Be ug/1 Be ug/1 1.00 UV 1.00 UV 1.00 UV
Cd ug/1 Cd ug/1 3.00 UV 3.60 UJA 3.00 UV
Ca ug/1 Ca ug/1 262000.00 V 568000.00 V 254000.00 V
Cr ug/1 Cr ug/1 5.00 UV 5.00 UV 5.00 UV
Co ug/1 CO ug/1 6.00 UV 6.00 UV 6.00 UV
Cu ug/1 Cu ug/1 5.00 UV 10.50 UJA 4.00 UV
CLPFe ug/1 CLPFe ug/1 5670.00 V 23.00 UV 798.00 V
Fe2 mg/l Fe2 mg/l 2.21 0.00 0.00
Fe3 mg/l Fe3 mg/l 3.49 0.00 0.00
Fe Tot. mg/l Fe Tot. mg/l 5.70 0.00 0.00
Pb ug/1 Pb ug/1 32.50 JA 38.30 JA 16.00 V
Mg ug/1 Mg ug/1 43700.00 V 21600.00 V 43000.00 V
Mn ug/1 Mn Ug/1 1820.00 V 761.00 V 640.00 V
Hg ug/1 Hg _ Ug/I 0.20 UV 0.20 UV 0.20 UV
Ni ug/1 Ni ug/1 8.00 UV 8.00 UV 6.00 UVK ug/1 K ug/1 17400.00 V 23400.00 V 21400.00 V
Se ug/1 Se Ug/I 1.00 UV 1.00 UJA 1.00 UR
Ag ug/1 Ag Ug/1 5.00 UV 5.00 UV 6.00 UV
Na Ug/1 Na Ug/1 125000.00 V 357000.00 V 145000.00 Vn Ug/1 T1 ug/1 10.00 UJA 10.00 UV 2.00 UJA
V ug/1 V Ug/1 4.00 UV 4.00 UV 4.00 UV
Zn Ug/1 Zn Ug/1 711.00 V 178.00 V 50.00 V
Ground Water Analyses
Well 201 301 601 753
Sampl. # 201-124.16 301-054-11 601-124-13 753-117-10
Duplicate
Date 3/4/90 2/23/90 3/4/90 3/27/90
Filter Microns 0.45 0.45 0.45 0.45
Analysis Units Q Q Q Q
Temp. C 15.70 13.50 14.60 1430
pH P.U. 7.90 7.10 7.90 7.40
Field pH P.U. 7.99 7.02 7.12 7.05
Eh mV 54.00 234.00 194.00 26Z00
Spec Con umho/cm 3680.00 JA 3150.00 JA 2320.00 JA 2150 JA
TSS mg/l 4.00 UJA 1Z00 V 4.00 UJA 2 UJA
TDS mg/l 3760.00 V 3220.00 V 2030.00 V 1640 V
F mg/l 4.40 V 4.80 V 3.20 V Z4 Va mg/l 344.00 V 216.00 V 263.00 V 239 V
S04 mg/l 2100.00 V 1790.00 V 884.00 V 607 V
N03 mg/l 0.10 UJA 0.10 UJA 0.40 JA 13 JA
C03 mg/l 5.00 UV 5.00 UR 5.00 UV 5 UJA
HC03 mg/l 48.00 V 209.00 R 29Z00 V 304 JA
Acidity mg/l 10 UV 10 UR 10 UV 10 UJA
A1 ug/1 22.00 UV 27.00 UV 2Z00 UV 22 UV
Sb ug/1 38.00 UV 28.00 UV 38.00 UV 38 UV
As ug/1 916.00 V 736.00 V 26Z00 V 11.8 V
Ba ug/1 9.40 JA 18.40 JA 25.80 JA 27.9 V
Be ug/1 1.00 UV 1.00 UV 1.00 UV 1 UV
Cd ug/1 3.00 UV 3.00 UV 3.00 UV 3 UV
Ca ug/1 486000.00 V 610000.00 V 278000.00 V 228000 V
Cr ug/1 5.00 UV 5.00 UV 5.00 UV 5 UV
Co ug/1 6.00 UV 6.00 UV 6.00 UV 6 UV
Cu ug/1 4.00 UV 5.00 UV 4.00 UV 4 UV
CLPFe Ug/1 497.00 V 4920.00 V 556.00 V 54.9 UJA
Fe2 mg/l 0.00 Z21 0.00 0.00
Fe3 mg/l 0.00 3.09 0.00 0.00
Fe Tot. mg/l 0.00 5.30 0.00 0.00
Pb ug/1 2.00 UV 95.90 JA 2.00 UJA 2 UJA
Mg ug/1 191000.00 V 89700.00 V 84300.00 V 69400 V
Mn ug/1 1160.00 V 4630.00 V 1050.00 V 430 V
Hg ug/1 0.20 UV 0.20 UV 0.20 UV 0.2 UV
Ni ug/1 6.00 UV 8.00 UV 6.00 UV 6 UV
K ug/1 28000.00 V 28300.00 V 26300.00 V 13700 V
Se ug/1 1.00 UJA 1.00 UJA 1.00 UR 1 UJA
Ag ug/1 6.00 UV 5.00 UV 6.00 UV 6 UV
Na ug/1 239000.00 V 210000.00 V 204000.00 V 186000 Vn ug/1 ZOO UJA 10.00 UR 2.00 UJA 20 UJA
V ug/1 4.00 UV 4.00 UV 4.00 UV 4 UV
Zn Ug/1 35.60 V 3280.00 V 3.00 V 5Z9 JA
T -4 1 2 8 Ground Water Analyses
1 Well 1 A02 OW2I Sampl. # | A02-059-10 0W2-057-13
Duplicate 0W2L
Date 28-Feb-90 26*Feb*90
Filter Microns 0.45 0.45
Analysis Units Q Q
Temp. C 13.40 13.20
pH P.U. 7.20 7.10
Field pH P.U. 6.99 6.82
Eh mV 176.00 256.00
Spec Con umho/cm 2800.00 V 1970.00 V
TSS mg/l 4.00 UV 4.00 UV
TDS mg/l 2420.00 V 1530.00 V
F *ng/l 3.70 V 3.20 Va mg/l 279.00 V 195.00 V
S04 mg/l 1150.00 V 581.00 V
N 03 mg/l 0.35 JA 0.36 JA
C03 mg/l 5.00 UR 5.00 UR
HC03 mg/l 314.00 R 266.00 R
Acidity mg/l 10 UR 10 UR
A1 ug/1 27.00 UV 27.00 UV
Sb ug/1 28.00 UV 28.00 UV
As ug/1 71.00 V 37.50 V
Ba ug/1 27.50 V 24.60 V
Be ug/1 1.00 UV 1.00 UV
Cd ug/1 3.00 UV 3.00 UV
Ca ug/1 387000.00 V 226000.00 V
Cr ug/1 5.00 UV 5.00 UV
Co ug/1 6.00 UV 6.00 UV
Cu ug/1 8.50 UJA 6.50 V
CLPFe Ug/1 1400.00 V 289.00 V
Fe2 mg/l 1.49 0.16
Fe3 mg/l 0.06 0.03
Fe Tot. mg/l 1.55 0.19
Pb ug/1 1.00 UJA! 1.00 UJA
Mg ug/1 88500.00 V 74900.00 V
Mn ug/1 1100.00 V 1720.00 V
Hg ug/1 0.20 UV 0.20 UV
Ni ug/1 8.00 UV 8.00 UVK ug/1 21500.00 V 15400.00 V
Se ug/1 1.00 UJA 1.00 UV
Ag ug/1 5.00 UV | 5.00 UV
Na ug/1 252000.00 V 171000.00 Vn ug/1 10.00 UJA 10.00 UR
V Ug/I 4.00 UV | 4.00 UV
Zn Ug/1 514.00 v 344.00 V
T -4 1 2 8
Key to Data Qaulifiers
E  -  Estimated by the laboratory
U  -  Indicates die compound was not deterected above die instrument quantitation limit
1 -  Quantitation is approximate due to limitations identified during Quality Control review
DL -  Detection Limit In ug/L
N/R -  Not reported
DQ -  Data Qualifier
V  -V alid
A  -  Acceptable witb qualifications
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Fh Water Per Method a 9040 a
Specific
PnwHnrfwr*t
Water Per Method a 9050 a
Chloride Water Per Method ____ 9250 a
Nitrate Water Per Method ____ 9200 a
Sulfate Water Per Method ____ 9036 a
Fluoride Water Per Method ____ 340.1 b
Acidity Water Per Method 305.1 b
TDS Water Per Method 160.1 b
TSS Water Per Method ____ 160.2 b
Bicarbonate Water Per Method 403 c
Carbonate Water Per Method 403
f
c
Arsenic Water Per Method a 7061 a
a  EPA, 1986, Test Methods for Evaluating Solid Waste, SW-846, 3rd Edition.
b  Methods for Chemical Analysis of Water and Wastes, EPA-600/4-79-020
(Revised March 3, 1983).
c  APH A - AWWA - WPCF, Standard Methods for the Examination of Water and Wastewater, 17th
Ed., 1989.
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D atel7-A ug-90 Soil Analyses






From Depth f t 41.5 Q 41.5 Q 428 9
To Depth f t 42.8 428 43.1
pH F.U 7.80 7.80 7.80
Spec. Good mmho/cm 858.00 V 919.00 V 154000 V
Sulfur % 0.4240 V 02740 V 20300 V
Sulfide % a0250 V 00730 V 00700 V
Sulfate % 0l0280 V 00260 V 00001 UV
Al mfcfr* 176000 V 178000 V 1050000 V
Sb mg/kg 16.70 JA 17.40 JA 7.70 UJA
As mg/kg 232.00 V 247.00 V 5030 V
Ba mg/kg 15000 JA 17200 JA 62000 JA
Be mg/kg 026 UV 030 V 072 V
Cd mg/kg 21.00 JA 21.70 JA 5.90 JA
Ca mg/kg 60300.00 V 6360000 V 17300000 V
Cr mg/kg 14.70 JA 14.50 JA 17.10 JA
Co mg/kg 1.70 V 1.60 UV 630 V
Cu mg/kg 342.00 V 357.00 V 10600 V
Fe mg/kg 26200.00 V 2710000 V 18500.00 V
Pb mg/kg 448000 V 461000 V 121000 V
M b mgjkg 6060.00 V 6480.00 V 922000 V
Mn mg/kg 3380.00 V 351000 V 919.00 V
Hg mgjkg 096 . V 093 V 041 V
Ni mg/kg 8.40 JA dlO JA 1280 JA
K mgjkg 507.00 JA 636.00 JA 325000 JA
Se mgjkg 5.10 UV 5.40 UV 5.50 UV
A g mgjkg 21.20 V 2220 V 5.90 V
Na mgjkg 307.00 UV 535.00 UV 44600 JA
T1 mgjkg 430 JA 630 JA 090 UJA
V mgjkg 8.90 JA 8.50 JA 2660 V
Zn mgjkg 406000 V 410000 V 112000 V
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D ate 17-Ang-90 Soil Analyses






From Depth f t 41.5 Q 41.5 Q 428 9
To Depth f t 428 428 43.1
pH P.U 7.80 7.80 7.80
Spec. Cond mmbo/cm 858.00 V 919.00 V 154000 V
Sulfur % 0.4240 V 02740 V 20300 V
Sulfide % 00250 V 00730 V 00700 V
Sulfate % 00280 V 00260 V 00001 UV
A1 me/ke 176000 V 1780.00 V 1050000 V
Sb me/ke 1670 JA 17.40 JA 7.70 UJA
As me/ke 23200 V 247.00 V 5030 V
Ba me/ke 15000 JA 17200 JA 620.00 JA
Be me/ke 026 UV 030 V 072 V
Cd me/ke 21.00 JA 21.70 JA 5.90 JA
Ca me/ke 60300.00 V 6360000 V 17300000 V
C r me/ke 14.70 JA 14.50 JA 17.10 JA
Co me/ke 1.70 V 1.60 UV 630 V
Cu me/ke 34200 V 357.00 V 10600 V
Fe me/ke 26200.00 V 2710000 V 1850000 V
Pb me/ke 448000 V 461000 V 121000 V
Me me/ke 6060.00 V 648000 V 922000 V
Mn me/ke 3380.00 V 351000 V 919.00 V
He me/ke 096 V 093 V 041 V
Ni me/ke 640 JA 610 JA 1280 JA
K me/ke 507.00 JA 63600 JA 325000 JA
Se me/ke 5.10 UV 5.40 UV 5.50 UV
A e me/ke 21.20 V 2220 V 5.90 V
Na mg/kg 307.00 UV 535.00 UV 44600 JA
T1 me/ke 4.30 JA 630 JA 090 UJA
v me/ke 690 JA 650 JA 2660 V
Zn 1 me/ke 406000 V 410000 V 112000 V
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D ate 17-Aug-90 Soil Analyses






From Depth f t 43.1 Q 43.5 Q 43.9 Q
To Depth f t 43.5 43.9 44.3
pH P.U 7.90 810 810
Spec. Con d mmho/cm 147000 V 120000 V 955.00 V
Sulfur % 0.3460 V 09050 V 03100 V
Sulfide % OOOIQ. UV 02180 V 00150 V
Sulfate % 02600 V 00570 V 00870 V
A! mgjkg 20300.00 V 23000.00 V 1050000 V
Sb mg/kg 810 UJA 7.80 UJA 7.10 UJA
As mg/kg 5.20 V 190 V 130 V
Ba mg/kg 386.00 JA 240.00 JA 290.00 JA
Be mgjkg 1.30 V 1.30 V 072 V
Cd mgjkg 086 UR 084 UR 076 V
Ca mgjkg 114000.00 V 56600.00 V 590000 V
Cr mgjkg 27.80 JA 33.10 V 1860 V
Co mgjkg 10.50 V 9.80 V 5.20 V
Cu mgjkg 23.40 V 24.30 V 1850 V
Fe mgjkg 24300.00 V 24600.00 V 1260000 V
Pb mgjkg 49.20 V 21.70 V 34.60 V
M g mgjkg 967000 V 948000 V 503000 V
Mn mgjkg 194.00 V 15800 V 134.00 V
H* mgjkg 014 UV 014 UV 013 UV
Ni mgjkg 18.80 JA 1800 V 890 V
1C mgjkg 5430.00 JA 601000 JA 354000 JA
Se mgjkg 5.80 UV 5.60 UV 5.10 UV
A * mgjkg 1.40 UV 1.40 UV 1.30 UV
Na mgjkg 404.00 JA 426.00 V 651.00 V
Tl mgjkg _ 040 UJA 048 UJA 028 UJA
V mgjkg 43.80 V 54.80 V 29.70 V
Zn mgjkg 93.90 V 10100 V 93.90 V
T -4 1 2 8 1 8 1
Date 17-Aug-90 Soil Analyses






From Deptfa f t 45.5 Q 460 Q 465 Q
To Depth f t 460 465 47.0
pH P.U 7.00 5.40 4.90
Spec. Cond mmho/cm 1820.00 V 179000 V 207000 V
Sulfur % 2.0700 V 04160 UV 03190 V
Sulfide % 0.0001 UV 01210 V 00010 UV
Sulfate % 0.1100 V 00010 V 00880 V
A1 mg/kg 730000 V 612000 V 796000 V
Sb mgjkg 7.80 UJA 7.50 UJA 7.40 UJA
As mgjkg 7.30 V 2.90 V 2.50 V
Ba mgjkg 103.00 JA 84.80 JA 111.00 JA
Be mgjkg 055 V 065 V 064 V
Cd mgjkg 084 UR 080 UR 079 UR
Ca mgjkg 4780.00 V 3610.00 V 3880.00 V
Cr mgjkg 14.10 V 11.70 V 14.70 V
Co mgjkg 610 V 4.80 V 5.80 V
Cu mgjkg 19.20 V 11.80 V 15.40 V
Fe mgjkg 13800.00 V 955000 V 13200.00 V
Pb mgjkg 3630 V 12.50 V 800 JA
Mr mgjkg 3470.00 V 2800.00 V 3580.00 V
Mn mgjkg 107.00 V 84.30 V 92.90 V
Hr mgjkg 014 UV 013 UV 013 UV
Ni mgjkg 8.10 V 650 V 870 V
K mgjkg 2080.00 JA 1830.00 JA 2790.00 JA
Se mgjkg 0.70 V 053 UJA 053 UJA
A r mgjkg 1.40 UV 1.30 UV 1.30 UV
Na mgjkg 335.00 UV 320.00 UV 371.00 V
Tl mgjkg 078 UJA 067 UJA 026 UJA
V mgjkg 23.30 V 2020 V 23.50 V
Zn mgjkg 52.80 V 35.20 V 43.50 V
T -4 1 2 8
Date 17-Aug-90 Soil Analyses
\
W ell Number 601 601 601
Sample No. 601-44.3-44.7 601-44.7-45.1 601-45.1-45.5
From Depth f t 44.3 Q 44.7 Q 45.1 Q
To Depth f t 44.7 45.1 45.5
pH P.U 7.90 660 650
Spec. Cond *mmho/cm 904.00 V 111000 V 1560.00 V
Sulfur % 02200 V 04370 V 0.5050 V
Sulfide % 00160 V 00530 V 01900 V
Sulfate % 00010 UV 00010 UV 01230 V
A1 mg/kg 8850.00 V 7040.00 V 6980.00 V
Sb mg/kg 7.30 UJA 7.40 UJA 7.80 UJA
As mg/kg 1.30 V 230 V 5.70 JA
Ba mg/kg 236.00 JA 119.00 JA 103.00 V
Be mg/kg 0.63 V 0.33 V 061 V
Cd mg/kg 078 UR 079 UR 083 V
Ca mg/kg 4060.00 V 3540.00 V 4850.00 V
Or mg/kg 16.70 V 13.30 V 14.00 V
Co mgjkg 4.70 V 4.80 V 610 V
Cu mg/kg 16.80 V 11.70 V 1890 V
Fe mgjkg 10100.00 V 9250.00 V 11900.00 V
Pb mgjkg 1200 JA 9.10 JA 45.40 V
Mg mgjkg 4140.00 V 3240.00 V 3410.00 V
Mn mgjkg 96.40 V 7810 V 113.00 V
Hg mgjkg 0.13 UV 013 UV 014 UV
Ni mgjkg 820 V 830 V 9.90 V
IC mgjkg 2630.00 JA 210000 JA 2000.00 JA
Se mgjkg 260 V u o V 240 V
Ag mgjkg 1.30 UV 1.30 UV 1.40 UV
Na mgjkg 311.00 UV 34600 V 984.00 V
TI mgjkg 028 UJA 026 UJA 069 UJA
V mgjkg 23.70 V 19.50 V 23.20 V
Zn mgjkg 41.90 V 3670 V 79.70 V
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Date 17-Aug-9G
W ell Number 
Sample No. 











To Depth f t 47.50 484 49.0
pH P.U 4.20 7.50 4.10
Spec. Cond mmho/cm 213000 V 1600.00 V 193000 V
Sulfur % 04620 V 05080 V
Sulfide % 01750 V 00250 V
Sulfate % 01230 V 01580 V
A1 mg/kg 6460.00 V 5100.00 V 477000 V
Sb mg/kg 7.40 UJA 7.20 UJA 7.10 UJA
As mg/kg 3.00 V 3.20 V 3.80 V
Ba mg/kg 77.00 JA 6600 JA 64.50 JA
Be mgjkg 0.34 V 027 V 027 V
Cd mg/kg 079 UR 077 UR 076 UR
Ca mg/kg 3540.00 V 3320.00 V 318000 V
Cr mg/kg 12.20 V 1020 V 9.60 V
Co mg/kg 4.80 V 3.70 V 3.70 V
Cu mg/kg 14.00 V 860 V 1030 V
Fe mg/kg 11000.00 V 8680.00 V 9050.00 V
Pb mg/kg 9.50 V 13.70 JA 880 V
Mg mgjkg 3050.00 V 2300.00 V 2370.00 V
Mn mg/kg 81.00 V 7240 V 69.80 V
Hg mg/kg 013 UV 0.13 UV 013 UV
Ni mg/kg 7.40 V 4.10 V 620 V
K mgjkg 1810.00 JA 1580.00 JA 1820.00 JA
Se mgjkg 053 UJA 052 UV 0.51 UV
Ag mgjkg 1.30 UV 1.30 UV 1.30 UV
Na mgjkg 317.00 UV 31000 UV 305.00 UV
Tl mgjkg 040 UJA 026 UJA 025 UJA
V mgjkg 600 V 15.80 V 15.40 V
Zn mgjkg 38.40 V 3260 V 29.60 V
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Date 17-Aug-90 Soil Analyses
W ell Number 601 601 601
Sample No. 601-49.0-49.5 601-57.2-582 RS-601-203
From Depth f t 49.0 Q 57.20 Q Q
To Depth f t 49.5 5820
pH P.U 4.20 9.10 6.00
Spec. Cond mmho/cm 2190.00 V 251.00 JA 7580.00 V
Sulfur % 0.6100 V aoi aooi2 V
Sulfide % 01290 V 0.01 aooio UV
Sulfate % 00100 V aoi aooii V
AJ mR/kR 6350.00 V 1410.00 V 13900.00 V
Sb OR/kR 7.10 UJA 5.90 UV 7.70 JA
As mgjkg 7.50 V 5.00 V 39.90 V
Ba DR/kg 85.70 JA 19.50 V 153.00 JA
Be mR/kR 0.50 V 0l21 UR 35.80 V
Cd mg/kg 0.77 UV 0.63 UV 134.00 JA
Ca mfi/kg 3250.00 V 17100.00 V 6320.00 V
Cr mgjkg 12.30 V 3.40 V 17800 V
Co mgjkg 4.70 V 1.60 V 7830 V
Cu mR/kR 13.00 V 3.50 V 72.00 V
Fe mgjkg 11600.00 V 3920.00 V 30200.00 V
Pb mgjkg &40 V 3.00 JA 47.30 V
M r mgjkg 3020.00 V 1820.00 V 4350.00 V
Mn mgjkg 82.30 V 67.50 V 179.00 V
H r mgjkg 0.13 UV a il UV 850 V
Ni mgjkg 7.50 V 2.90 V 53.70 V
K mgjkg 1860.00 JA 404.00 V 281800 JA
Se mgjkg a si UV a 2i UJA 25.20 JA
A  R mgjkg 1.30 UV 1.10 UV 21.70 V
Na mR/kR 306.00 UV 254.00 UV 894.00 V
T1 mgjkg a74 UJA a 2i UV 19.50 JA
V mgjkg 20.80 V 7.30 V 67.00 V
Zn mgjkg 33.40 V 21.80 JA 197.00 V
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Date 17-Aug-90 Soil Analyses
W ell Number 651 651 751
Sample N a 651-160-480 651-460-480 751-510-57.1
From Depth f t 160 Q 460 Q 52.0 Q
To Depth f t 480 480 57.1
pH P.U 850 820 7.60
Spec. Cond mmho/cm 42800 V 47800 V 238800 JA
Sulfur % 80400 V 80300 3.79
Sulfide % 80200 V 80100 8010
Sulfate % 80200 V 80200 815
A1 mR/kR 4600.00 V 417800 V 325800 V
Sb mR/kR 660 UJA 7.20 UJA 24.90 V
As mg/kR 4.70 JA 1670 JA 525.00 V
Ba mR/kR 74.20 V 7820 V 55.00 V
Be mR/kR 0.34 V 0.44 V 874 V
Cd mR/kR 0.71 UV 878 UV 2840 V
Ca mg/kR 29300.00 V 16000.00 V 37500.00 V
Cr mR/kR 9.10 V 9.80 V 8830 V
Co mg/kR 4.20 V 3.20 V 2.60 V
Cu mR/kR 64.20 V 15.90 V 587.00 V
Fe mR/kR 7990.00 V 8760.00 V 4650800 V
Pb mg/kR 35.90 V 870 V 9640.00 JA
M r mR/kR 5530.00 V 4990.00 V 773800 V
Mn mg/kR 274.00 JA 314.00 JA 2250.00 V
H r mg/kg 812 UV 813 UV 1.20 V
Ni mg/kg 7.80 V 10.40 V 13.60 V
K mg/kg 1200.00 JA 967.00 JA 119800 V
Se mg/kg 824 UJA 826 UV 7.40 JA
A r mg/kg 1.20 UV 1.30 UV 2850 V
Na mg/kg 429.00 V 313.00 V 331.00 UV
TI mg/kg 824 UR 826 UR 9.50 V
V mg/kg 15.60 V 20.90 V 1820 V
Zn mg/kg 4880 JA 5880 JA 495800 JA
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Date 17-Aug-90 Soil Analytes
W ell Number 751 751 751
Sample No. 751-60.7-61 751-61-61.3 751-61.3-61.7
Prom Depth f t 60.7 Q 61.0 Q 61.3 Q
To Depth f t 61.0 61.3 61.7
pH P.U 7.30 7.20 7.20
Spec. Cond mmho/cm 1290.00 JA 248000 JA 245000 JA
Sulfur % 3.00 V 4.70 V 1.40 V
Sulfide % 0.200 V aooi UV 0020 V
Sulfate % 0l50 V 042 V 0.27 V
A1 mg/kg 1710.00 V 343000 V 435000 V
Sb mg/kg 13.80 JA 28.70 JA 15.60 JA
As mg/kg 313.00 V 696.00 V 227.00 V
Ba mg/kg 30.20 V 11000 V 278.00 V
Be mg/kg 0.37 V 080 V 0.33 V
Cd mgflcg 13.80 V 26.90 V 74.00 V
Ca mg/kg 37200.00 V 5380000 V 32300.00 V
Cr mg/kg 16.10 V 191.00 V 15.70 V
Co mg/kg 3.10 V 5.10 V 5.00 V
Cu mgflcg 43600 V 934.00 V 694.00 V
Fe mg/kg 2430000 V 5550000 V 28700.00 V
Pb mg/kg 3940.00 V 1440000 V 1070000 V
Mg mg/kg 5640.00 V 873000 V 586000 V
Mn mg/kg 2290.00 V 341000 V 119000 V
Hg mg/kg 1.50 JA 3.50 JA 0.53 JA
Ni mg/kg 10.40 V 23.50 V 11.30 V
K mg/kg 349.00 V 843.00 V 127000 V
Se mg/kg 2.90 V 5.50 JA 2.30 V
Ag mg/kg 18.30 V 46.30 V 4020 V
Na mg/kg 299.00 UV 323.00 V 284.00 UV
11 mg/kg 9.60 V 15.20 V 1.00 V
V mg/kg 5.40 V 13.50 V 15.60 V
Zn mg/kg 335000 V 621000 V 1340000 V
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Date 1 T-Aug-90 Soil Analytes
W ell Number 751 751 751
Sample No. 751-61.7-62 751-64.3-64.6 751-64.6-64.9
From Depth f t 61.7 Q 64.3 Q 64.6 Q
To Deptb f t 62.0 64.6 64.9
pH P.U 7.60 810 7.60
Spec. Cond mmho/cm 1590.00 JA 572.00 JA 1090.00 JA
Sulfur % 0.36 V 0.03 V 0.14 V
Sulfide % 0.001 uv 0.001 UV 0006 V
Sulfate % a29 V ao2 V 005 V
A1 mg/kg 2040.00 V 2390.00 V 473000 v
Sb mg/kg 6.20 uv 890 uv 820 uv
As mg/kg 24.40 V 2.60 V 13.50 V
Ba mg/kg 23.10 V 2830 V 6810 V
Be mg/kg 0.22 uv 0.25 uv 042 V
Cd mg/kg 0.67 uv a74 uv 088 uv
Ca mg/kg 6400.00 V 3180.00 V 9040.00 V
Cr mg/kg 8.20 V 820 V 3880 V
Co mg/kg 2.10 V 2.50 V 5.30 V
Cu mg/kg 28.60 V 7.60 UJA 15.30 V
Fe mg/kg 339.00 V 5240.00 V 8180.00 V
Pb mg/kg 6580.00 V 6.60 V 26.40 V
M g mg/kg 2350.00 V 2150.00 V 4010.00 V
Mn mg/kg 98.60 V 72.00 V 171.00 V
Hg mg/kg 0.12 JA 0.12 uv 015 uv
Ni mg/kg 3.60 V 3.20 V 880 V
K mg/kg 663.00 V 861.00 V 2350.00 V
Se mg/kg 0.22 uv 2.50 V 850 I V
A  g mg/kg 1.70 V 1.20 uv 1.50 uv
Na mg/kg 266.00 uv 297.00 uv 353.00 uv
T1 mg/kg a22 uv a25 uv 029 uv
V mg/kg 880 V 1100 v 15.00 V
Zn mg/kg 239.00 V 105.00 v 74.80 v
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SAS Analytical Methods - Soils and Tailings
Sample
Preparation Analysis
Parameters Matrix Method Reference Method Reference
pH Tailings/
Soils





10-2.3.2 ---- 10-3.3 b
Forms of 
Sulfur 
< S .S ,S 0 4)
Tailings/
Soils
Per Method ----- - 3.2.4,3.2.6
c
a  EPA, 1986, Test Methods for Evaluating Solid Waste, SW-846, 3rd Edition.
b Page, A. L ., Miller, R. H ., Keeney, D. R., 1982. Methods of Soil Analysis. Part 2.
£  A. A. Sobek, W. A. Schuller, J. R. Freeman, 1978. Field Laboratory Methods Applicable to
Overburdens and Mine Soils. EPA-600/2-28-054
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APPENDIX C 
SELECTED MINTEQ OUTPIJT FILES
4128
_____________________ PART 1 of OUTPUT FILE
PC N1KTEOA2 v3.00 OATE OF CALCUUTIONS: 15-NAR-92 TINE: 16: 8:52
601-124-1345
Taaperature (Celsius): 14.60 
Units of concentration: NG/L 
Ionic straneth to be coaputed.
Carbonate concentration represents carbonate alkalinity.
Oo not autoaetically terafnate if charge iabalance exceeds SOX 
Precipitation la allowed only for thoee solids specified as ALLOWED 
In the input file (if any).
The auieai naber of Iterations is: 40





























INPUT DATA BEFORE TYPE N001FICAT10NS
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ID KANE ACTIVITY GUESS LOG GUESS ANAL TOTAL
330 M+1 1.259E-08 -7.900 1.269E-05
1 E-1 3.961E-04 •3.400 4.000E-04
270 F-1 1.698E-04 -3.770 3.200E+00
180 Cl-1 7.413E-Q3 -2.130 2.630E+02
732 SOL-2 9.120E-03 -2.040 8.840E+02
492 805-1 6.457E-06 -5.190 4.000E-01
30 AU3 8.128E-07 -6.090 2.200E-02
61 NTAtOL 2.188E-06 -5.660 3.080E-01
100 B«+2 1.862E-07 •6.730 2.580E-02
150 €•♦2 6.918E-03 •2.160 2.780E*02
231 Cu*2 6.310E-08 -7.200 4.000E-03
280 F*»2 1.000E-05 -5.000 5.560E-01
600 Pb*2 9.550E-09 •8.020 2.000E-03
460 *g+2 3.467E-03 -2.460 8.430E+01
470 Nr*2 1.905E-05 -4.720 1.050E+00
540 »\*2 1.349E-07 •6.870 8.000E-03
410 IM 6.761E-04 -3.170 2.630E+01
500 N**T 8.913E-03 •2.050 2.040E+02
950 Zm2 4.571E-08 -7.340 3.000E-03
281 Fr»3 1.778E-21 -20.750 O.OOOE-01
60 M3As03 1.072E-06 -5.970 1.340E-01
140 C03-2 8.318E-05 -4.080 5.000E+00
2 N20 1.OOOE+OO 0.000 0.000E-01
CHARGE BALANCE: UNSPECIATED
SUN OF CATIONS* 3.047E-02 SUN OF ANIONS ■ 2.661E-02
PERCENT DIFFERENCE « 6.758E+O0 (ANIONS - CATIONS)/(ANIONS ♦ CATIONS)
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_____________________PART 3 Of OUTPUT FILE_______ ■
PC MINTEQA2 v3.00 DATE OF CALCULATIONS: 15-MAR-92 TINE: 16: 9:12
PARAMETERS OF THE COMPONENT MOST OUT OF BALANCE:
ITER MANE TOTAL 80L DIFF FXN LOG ACTVTY
0 Mff+2 3.474E-Q3 3.771E+01 •2.46000
1 2n+2 4.597E-08 2.793E-07 -7.19874
2 Mg+2 3.474E-03 1.338E+00 •3.60470
3 Ng+2 3.474E*03 2.971E-01 •3.78103
4 80*2 3.474E-03 7.299E-02 -4.04551
S "0*2 3.474E-Q3 1.736E-02 •4.30518
6 F-1 1.687E-04 3.432E-04 •4.20910
7 Al+3 8.168E-07 1.310E+01 •8.58246
8 Al+3 8.168E-07 3.274E+00 -8.88029
9 Al+3 8.168E-07 8.185E-01 •9.17618
10 Al+3 8.168E-07 2.046E-01 -9.47144
11 Al+3 8.168E-07 5.1 HE *02 •9.77563
12 Al+3 8.168E-07 1.265E-02 •10.12316
13 Al+3 8.168E-07 2.814E-03 •10.59954
14 Al+3 8.168E-07 4.021E-04 •11.36151
15 Al+3 8.168E-07 2.205E-05 •12.58149
16 Fe+2 9.973E-06 9.249E-02 •4.91705
17 N1+2 1.365E-07 1.751E-07 -7.36879
18 H3AS04 2.174E-06 2.523E-01 -11.49795
19 M3As04 2.174E-06 5.770E-02 •11.68666
20 Fo+2 9.973E-06 4.428E-03 •5.49595
21 fe+2 9.973E-06 8.859E-04 -5.59986
22 Fe+2 9.973E-06 2.326E-04 •5.69726
23 Fe+2 9.973E-06 6.473E-05 -5.78091
24 Fe+2 9.973E-06 1.768E-05 •5.84220
25 H3AS04 2.174E-06 9.026E-06 •13.09458
26 H3As04 2.174E-06 1.913E-06 -13.33995
27 H3As04 2.174E-06 2.268E-07 •13.47984
28 H3AS04 2.174E-06 5.238E-09 •13.50622
ID NAME ANAL NOL CALC NOL ACTIVITY LOG ACTVTY GAMMA NEW LOGK DIFF FXN
140 C03-2 1.674E-04 7.792E-07 3.810E-07 •6.41904 0.488982 0.3107 -1.799E-11
60 H3A&03 1.066E-06 1.027E-06 1.036E-06 •5.98467 1.008881 •0.0038 1.292E-14
270 F-1 1.687E-04 1.554E-04 1.299E-04 •3.88623 0.836225 0.0777 -2.333E-11
180 Cl-1 7.431E-03 7.431E-03 6.214E-03 •2.20663 0.836225 0.0777 -1.029E-09
732 S04-2 9.219E-03 6.755E-03 3.303E-03 •2.48109 0.488982 0.3107 -3.719E-09
492 N03-1 6.462E-06 6.462E-06 5.404E-06 •5.26728 0.836225 0.0777 -8.946E-13
30 Al+3 8.168E-07 4.936E-14 9.870E-15 -14.00568 0.199945 0.6991 -3.630E-14
61 H3AS04 2.174E-06 3.085E-14 3.113E-14 •13.50688 1.008881 •0.0038 1.290E-12
100 Be+2 1.882E-07 1.882E-07 9.202E-08 -7.03612 0.488982 0.3107 -1.042E-13
150 Ca+2 6.948E-03 5.347E-03 2.615E-03 •2.58261 0.488982 0.3107 -2.933E-09
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400 Pb»2 9.670E-09 1.551E-09 7.5846*10 •9.12007 0.488982 0.3107
440 MS* 3.4746-03 2.743E-03 1.341E-03 •2.87247 0.488982 0.3107
470 am»2 1.915C-05 1.5056*05 7.3586-06 •5.13326 0.488982 0.3107
S40 ■<♦2 1.365E-07 5.0976*08 2.4926-06 •7.40337 0.488982 8.3107
410 <♦1 4.738E-04 4.6116*04 5.528E-04 •3.25743 0.834225 0.0777
500 M*»1 8.8896*03 8.7536*05 7.320E-03 •2.13551 0.836225 0.0777
950 2n»2 4.5976-08 3.092E-06 1.5126*08 *7.82043 0.488982 0.3107
t ■20 0.0006*01 •2.1506*05 9.9946*01 •0.00027 1.000000 0.0003
1 8*1 4.0006-04 4.0696*04 3.999E-04 •3.39800 0.836225 23980
SO •♦1 1.261E-00 1.505E-08 1.2596*08 •7.90000 0.836225 0.0777
181 0.000E-01 7.7006*16 1.S4QE-16 •15.81259 0.199945 0.4991
Type I • COMPONENT! AS SPECIES IN SOLUTION
10 NAME CALC MOL' ACTIVITT LOO ACTVTY 8AI9IA WBI LOOK 88
330 ■♦1 1.5056-08 0.0000000 •7.90000 0.83628 0.078 0.000
140 COS-2 7.7926*07 0.0000004 •6.41904 0.488982 0.311 0.000
270 f-1 1.5546-04 0.0001299 •3.8868 0.83628 0.078 0.000
180 Cl-1 7.431E-Q3 0.0062140 •2.20663 0.83628 0.078 0.000
732 804-2 6.755E-03 0.0033030 -2.48109 0.488982 0.311 0.000
492 ■03-1 4.462E-06 0.0000054 -5.878 0.83628 0.078 0.000
30 AU3 4.936E-14 0.0000000 •14.00568 0.199945 0.499 0.000
41 HTAtfK 3.085E-14 0.0000000 -13.5068 1.008881 •0.004 0.000
100 S»*2 1.882E-07 0.0000001 •7.0812 0.488982 0.311 0.000
150 t— 2 5.5476*03 0.008U5 •2.5881 0.488982 0.311 0.000
81 Cu»2 9.4676*10 0.0000000 -9.3851 0.488982 0.311 0.000
280 F«*2 2.4956*06 0.0000012 •5.91368 0.488982 0.311 0.000
400 Pb»2 1.551E-09 0.0000000 -9.12007 0.488982 0.311 0.000
460 Mg*2 2.7436*03 0.0013413 •2.8787 0.488982 0.311 0.000
470 Nr*2 1.5056*05 0.0000074 •5.1338 0.488982 0.311 0.000
540 ■1*2 S.097E-08 0.0000000 -7.60337 0.488982 0.311 0.000
410 ■♦1 6.6116-04 0.000558 •3.8743 0.836225 0.078 0.000
500 ■•♦1 8.7536*03 0.0073196 -2.13551 0.836225 0.078 0.000
950 Zm2 3.0926*08 0.0000000 •7.82043 0.488982 0.311 0.000
81 Fe3 7.700E-16 0.0000000 •15.8189 0.199945 0.*699 0.000
40 HSAsOS 1.027E-06 0.0000010 •5.98467 1.008881 •0.004 0.000
Type II - OTHER SPECIES IN SOLUTION OR ADSORBED
10 NAME CALC NOL ACTIVITT LOO ACTVTY GANNA HEW LOOK 01
S02700 NF AO 1.9386-09 0.0000000 -8.70889 1.008881 3.074 3.460
3302701 NF2 - 1.081E-12 0.0000000 -12.04400 0.836225 3.706 4.550
S02702 N2F2 AO 1.5556-17 0.0000000 •16.80446 1.008881 4.764 ■ 0.000
3300020 OH- 4.226E-07 0.0000004 -6.45180 0.836225 •14.274 13.345
4603300 MgOH ♦ 8.2016*08 0.0000001 •7.16380 0.836225 •12.113 15.935
4602700 HgF ♦ 1.0366-05 0.0000087 •5.06252 0.836225 1.774 4.474
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4601401 MgHC03 ♦ 2.294E-06 0.0000019 -5.71704 0.836225 11.552 •2.430
4607320 NgS04 40 7.170E-04 0.0007234 -3.14062 1.008881 2.209 1.599
4600610 NgHAa04 40 1.166E-07 0.0000001 •6.92934 1.008881 -6.554 0.000
4600611 HpfttOi - 1.067E-07 0.0000001 •7.04934 0.836225 -14.292 0.000
4600612 MgH2As04 ♦ 7.052E-10 0.0000000 •9.22934 0.836225 •0.672 0.000
1503300 CaOH ♦ 2.581E-08 0.0000000 -7.66593 0.836225 -12.905 14.535
1501400 CaHC03 ♦ 3.070E-06 0.0000026 •5.59048 0.836225 11.589 1.790
1501401 CtfffT 40 1.152E-06 0.0000012 -5.93453 1.008881 5.065 4.050
1507320 AO 1.594E-03 0.0016083 -2.79364 1.008881 2.266 1.470
1500610 CaHA*04 40 1.573E-07 0.0000002 •6.79948 1.008881 -6.514 0.000
1500611 CaAs04 - 9.294E-08 0.0000001 -7.10948 0.836225 -14.642 0.000
1500612 CaH2As04 ♦ 4.658E-10 0.0000000 -9.40948 0.836225 -1.142 0.000
1502700 CaF ♦ 2.807E-06 0.0000023 •5.62945 0.836225 0.917 3.798
5001400 NaCOS - 3.590E-08 0.0000000 -7.52261 0.836225 1.110 8.911
5001401 NaHCOS 40 4.184E-07 0.0000004 -6.37455 1.008881 10.076 0.000
5007320 MaS04 - 1.353E-04 0.0001132 •3.94627 0.836225 0.748 1.120
5002700 NaF 40 1.529E-07 0.0000002 -6.81174 1.008881 -0.794 0.000
4107320 KS04 * 1.271E-05 0.0000106 -4.97336 0.836225 0.845 2.250
303300 410H *2 7.935E-12 0.0000000 -11.41117 0.488982 •4.995 11.899
303301 4l(0H)2 ♦ 5.908E-09 0.0000000 •8.30622 0.836225 •10.022 0.000
303302 4I(OH>4 - . 3.189E-07 0.0000003 -6.57396 0.836225 •24.090 44.060
302700 4lF +2 2.684E-11 0.0000000 •10.88191 0.488982 7.521 0.000
302701 41F2 ♦ 3.309E-10 0.0000000 -9.55796 0.836225 12.298 20.000
302702 41F3 40 1.930E-09 0.0000000 •8.71060 1.008881 16.950 2.500
302703 4IF4 - 1.766E-10 0.0000000 •9.83060 0.836225 19.798 0.000
307320 4IS04 ♦ 3.581E-14 0.0000000 -13.52372 0.836225 5.041 2.150
307321 Al(S04)2 - 9.007E-15 0.0000000 •14.12309 0.836225 4.922 2.840
303303 4l(OH)3 40 4.894E-07 0.0000005 •6.30650 1.008881 •16.004 0.000
300610 41H4S04 ♦ 2.601E-14 0.0000000 •13.66255 0.836225 •1.872 0.000
300611 4l4a04 - 7.855E-11 0.0000000 -10.18255 0.836225 -6.292 0.000
300612 41H24&04 ♦ 1.973E-19 0.0000000 -18.78255 0.836225 0.908 0.000
2803300 FeOH ♦ 1.637E-08 0.0000000 •7.86361 0.836225 •9.772 13.199
2803301 FeOKS *1 1.U9E-14 0.0000000 •14.01718 0.836225 -51.725 30.300
2807320 FeS04 40 5.832E-07 0.0000006 •6.23034 1.008881 2.161 3.230
2803302 FeOK2 40 3.591E-12 0.0000000 •11.44095 1.008881 •21.531 28.565
2800610 FeHAs04 40 5.077E-10 0.0000000 •9.29056 1.008881 •5.674 0.000
2800611 Fe4s04 - 5.213E-10 0.0000000 •9.36056 0.836225 •13.562 0.000
2800612 FeH2As04 ♦ 9.564E-12 0.0000000 -11.09705 0.836225 0.501 1.000
2813300 FeOH ♦2 8.558E-11 0.0000000 •10.37835 0.488982 -2.155 10.399
2817320 FeS04 ♦ 3.985E-15 0.0000000 •14.47726 0.836225 5.894 3.910
2811800 FeCl 42 4.199E-17 0.0000000 •16.68757 0.488982 1.642 5.600
2811801 FeCl2 ♦ 9.590E-19 0.0000000 •18.09585 0.836225 2.208 0.000
2811802 FeCI3 40 4.940E-22 0.0000000 •21.30247 1.008881 1.126 0.000
2813301 FaOH2 4 2.480E-06 0.0000021 -5.68314 0.836225 •5.592 0.000
2813302 FeOH3 40 1.918E-06 0.0000019 -5.71341 1.008881 •13.604 0.000
2813303 FeOH4 - 1.837E-06 0.0000015 •5.81368 0.836225 •21.522 0.000
2810610 FeHAs04 41 1.653E-13 0.0000000 •12.85947 0.836225 0.738 0.000
2810611 FeH24s0442 5.026E-20 0.0000000 -19.60947 0.488982 2.121 0.000
2810612 FeAs04 0 3.687E-08 0.0000000 •7.42947 1.008881 -1.814 0.000
2810613 Fe(As042-3 6.064E-07 0.0000001 •6.91635 0.199945 •10.791 0.000
2812700 FeF 42 5.488E-14 0.0000000 -13.57132 0.488982 6.438 2.699
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2812702 FeF3 40 2.409E-14 0.0000000 •13.61431 1.008881 13.853 5.399
2817321 F*(S04)2 - 3.991E-16 0.0000000 •15.47663 0.836225 5.376 4.600
2813304 F«2(OH)2+4 1.287E-18 0.0000000 •19.13336 0.057171 -2.065 13.500
2813305 F«3(OH)4+5 2.656E-21 0.0000000 -22.51769 0.011431 -4.737 14.300
1003300 8aOH ♦ 1.525E-13 0.0000000 •12.89428 0.836225 •13.680 15.095
4701800 NrCl ♦ 2.212E-07 0.0000002 •6.73289 0.836225 0.685 0.000
4701801 NnCl2 40 3.095E-10 0.0000000 -9.50552 1.008881 0.037 0.000
4701802 NnClS - 1.046E-12 0.0000000 •12.05814 0.836225 -0.227 0.000
4703300 NnOH ♦ 7.459E-09 0.0000000 -8.20498 0.836225 -10.894 14.399
4703301 Nn(OH)3 -1 6.976E-17 0.0000000 •16.23408 0.836225 -34.722 0.000
4700020 Mr04 - 4.271E-58 0.0000000 -57.44720 0.836225 -132.425 176.620
4700021 Mn04 -2 3.582E-51 0.0000000 •50.75654 0.488982 -122.103 150.020
4702700 NnF ♦ 8.094E-09 0.0000000 •8.16950 0.836225 0.928 0.000
4707320 MnS04 40 3.840E-06 0.0000039 •5.41184 1.008881 2.199 2.170
4704920 Mn(N03)2AQ 8.686E-16 0.0000000 •15.05734 1.008881 0.607 -0.396
4701400 MnNOOS ♦ 1.680E-08 0.0000000 -7.85230 0.836225 11.678 0.000
4700610 MnHAs04 40 5.082E-09 0.0000000 -8.29014 1.008881 -5.454 0.000
4700611 Nn4s04 - 3.6106*10 0.0000000 -9.52014 0.836225 -14.502 0.000
4700612 MnH2As04 ♦ 3.610E-12 0.0000000 •11.52014 0.836225 •0.702 0.000
2311400 CUC03 40 9.389E-10 0.0000000 •9.02354 1.008881 6.726 0.000
2311401 Cu(C03)2*2 9.292E-13 0.0000000 •12.34258 0.488982 10.141 0.000
2311800 CuCl ♦ 5.463E-12 0.0000000 •11.34028 0.836225 0.279 8.650
2311801 CuCl2 40 1.345E-14 0.0000000 •13.86750 1.008881 •0.124 10.560
2311802 CuCl3 - 2.955E-19 0.0000000 •18.60705 0.836225 •2.575 13.690
2311803 CuCl4 -2 1 2.257E-23 0.0000000 -22.95711 0.488982 •4.485 7.780
2312700 CuF ♦ 1.186E-12 0.0000000 •12.00365 0.836225 1.295 1.620
2313300 CuOH ♦ 4.394E-10 0.0000000 -9.43478 0.836225 -7.922 0.000
2313301 Cu(OH)2 40 6.041E-08 0.0000001 -7.21505 1.008881 •13.684 0.000
2313302 Cu(OH)3 - 3.494E-13 0.0000000 •12.53432 0.836225 •26.821 0.000
2313303 Cu(OH>4 >2 9.443E-18 0.0000000 •17.33560 0.488982 •39.289 0.000
2313304 Cu2(0H)2+2 4.150E-14 0.0000000 -13.69268 0.488982 •10.512 17.539
2317320 CuS04 40 2.872E-10 0.0000000 •9.53791 1.008881 2.274 1.220
2311402 CuHC03 * 2.655E-11 0.0000000 •10.65354 0.836225 13.078 0.000
9501800 ZnCl ♦ 1.880E-10 0.0000000 •9.80342 0.836225 0.301 7.790
9501801 ZnCl2 40 9.712E-13 0.0000000 -12.00885 1.008881 0.221 8.500
9501802 ZnClS - 7.6586*15 0.0000000 •14.19356 0.836225 0.324 9.560
9501803 ZnCl4 -2 3.736E-17 0.0000000 •16.73827 0.488982 0.219 10.960
9502700 ZnF ♦ 2.899E-11 0.0000000 •10.61547 0.836225 1.169 2.220
9503300 ZnOH ♦ 6.951E-10 0.0000000 -9.23565 0.836225 -9.237 13.399
9503301 Zn(OH)2 40 1.192E-09 0.0000000 •8.91997 1.008881 •16.903 0.000
9503302 Zn(OH)3 - 3.6096*13 0.0000000 •12.52025 0.836225 •28.321 0.000
9503303 Zn(OH)4 -2 7.766E-18 0.0000000 -17.42052 0.488982 •40.888 0.000
9501804 ZnOHCl 40 2.4486*10 0.0000000 •9.60733 1.008881 •7.484 0.000
9507320 ZnS04 40 1.068E-08 0.0000000 •7.96754 1.008881 2.330 1.360
9507321 Znl804)2-2 6.428E-10 0.0000000 -9.50261 0.488982 3.591 0.000
9501400 ZnHCOS ♦ 2.179E-10 0.0000000 •9.73947 0.836225 12.478 0.000
9501401 ZnC03 40 1.1396*09 0.0000000 •8.93947 1.008881 5.296 0.000
9501402 ZnCC03)2-2 1.915E-11 0.0000000 •11.02850 0.488982 9.941 0.000
6001800 PbCl ♦ 1.718E-10 0.0000000 •9.84273 0.836225 1.562 4.380
6001801 PbCl2 40 1.715E-12 0.0000000 -11.76194 1.008881 1.768 1.080
6001802 PbCIS - 9.533E-15 0.0000000 •14.09844 0.836225 1.719 2.170
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6001400 Pb(C03)2-2 9.830E-12 0.0000000 -11.31815 0.488982 10.951 0.000
6002700 PbF ♦ 2.096E-12 0.0000000 -11.75630 0.836225 1.328 0.000
6002701 PbF2 AO 4.609E-15 0.0000000 •14.33254 1.008881 2.556 0.000
6002702 PbF3 - S.235E-18 0.0000000 -17.35877 0.836225 3.498 0.000
6002703 PbF4 -2 5.568E-22 0.0000000 -21.56500 0.488982 3.411 0.000
6003300 PfaOH ♦ 1.404E-09 0.0000000 •8.93035 0.836225 •7.632 0.000
6003301 PtXOH)2 AQ S.594E-11 0.0000000 •10.44062 1.008881 -17.124 0.000
6003302 PtKOH)3 • 3.952E-14 0.0000000 •13.48089 0.836225 •27.982 0.000
6003303 Pb20N +3 9.969E-17 0.0000000 -16.70042 0.199945 -5.661 0.000
6004920 PfaNOS ♦ 7.250E-14 0.0000000 •13.21736 0.836225 1.248 0.000
6007320 PbS04 AQ 1.396E-09 0.0000000 •8.85116 1.008881 2.746 0.000
6003304 Pb3(OH)4*2 9.276E-21 0.0000000 •20.34332 0.488982 -24.271 26.500
6001401 PbCQ3 AQ 4.978E-09 0.0000000 -8.29911 1.008881 7.236 0.000
6003305 Pb(0H>4 -2 1.232E-17 0.0000000 •17.22016 0.488982 •39.388 0.000
6007321 PtXS04)2-2 4.994E-11 0.0000000 •10.61225 0.488982 3.781 0.000
6001402 PbHCOS ♦ 6.895E-11 0.0000000 •10.23911 0.836225 13.278 0.000
6000610 PbHAs04 AQ 2.813E-13 0.0000000 -12.54695 1.008881 -5.724 0.000
6000612 PM2AS04 ♦ 3.988E-16 0.0000000 -15.47695 0.836225 •0.672 0.000
5401800 NICI ♦ 4.642E-10 0.0000000 •9.41099 0.836225 0.477 0.000
5402700 N1F ♦ 7.728E-11 0.0000000 •10.18960 0.836225 1.378 0.000
5403300 NiOH ♦ 1.531E-10 0.0000000 •9.89266 0.836225 •10.111 12.420
5403301 Nt(OH)2 AQ 1.557E-11 0.0000000 •10.80391 1.008881 •19.004 0.000
5403302 N1(0H)3 • 1.491E-14 0.0000000 •13.90418 0.836225 •29.922 0.000
5407320 NIS04 AQ 1.450E-08 0.0000000 -7.83472 1.008881 2.246 1.520
5401801 N1C12 AQ 8.700E-12 0.0000000 -11.05662 1.008881 0.956 0.000
5401400 N1HC03 ♦ 4.220E-10 0.0000000 •9.45240 0.836225 12.548 0.000
5401401 NIC03 AQ 6.978E-08 0.0000001 •7.15240 1.008881 6.866 0.000
5401402 N1(C03)2*2 9.534E-11 0.0000000 •10.33144 0.488982 10.421 0.000
5407321 NI(S04)2*2 5.823E-12 0.0000000 -11.54554 0.488982 1.331 0.000
3300600 H2A&03 - 3.901E-08 0.0000000 •7.48645 0.836225 •9.324 6.560
3300601 HAS03 -2 2.630E-12 0.0000000 •11.89081 0.488982 -21.395 14.199
3300602 A»03 -3 1.361E-17 0.0000000 -17.56511 0.199945 •34.581 20.250
3300610 H4AS03 ♦ 7.727E-15 0.0000000 -14.18967 0.836225 -0.227 0.000
3300611 N2AS04 - 1.873E-08 0.0000000 -7.80511 0.836225 -2.121 •1.690
3300612 NAS04 -2 4.238E-07 0.0000002 •6.68350 0.488982 •8.666 -0.920
3300613 As04 -3 1.601E-10 0.0000000 -10.49474 0.199945 •19.989 3.430
3300614 HAs03F • 2.660E-14 0.0000000 •13.65283 0.836225 3.818 0.000
3300615 AS03F -2 3.295E-12 0.0000000 •11.79283 0.488982 -1.989 0.000
3301400 HC03 • 1.558E-04 0.0001303 •3.88508 0.836225 10.512 •3.617
3301401 H2C03 AQ 3.293E-06 0.0000033 •5.47851 1.008881 16.737 -2.247
3307320 HS04 - 3.635E-09 0.0000000 •8.51723 0.836225 1.942 4.910



























Type VI - EXCLUDED SPECIES (not Included In aole balance)
ID NAME CALC NOL LOO NOL NEW L
600610 AS03/AS04 1.322E-10 -9.879 20.239
3301406 CH4 (g) O.OOOE-OI -70.886 41.716
3301403 002 (g) 9.021E-05 -4.045 18.174






_____________________PART 4 Of OUTPUT FILE_______  .
PC M1NTEQA2 *3.00 DATE OF CALCULATIONS: 15-MAR-92 TINE: 16:11:36
PERCENTAGE DISTRIBUTION OF COMPONENTS AMONG TYPE I and TYPE II (dlssolvod and adsorbed) apaciat
603-2 1.4 PERCENT BOUND IN SPECIES #4601401 MgHCOS ♦
1.8 PERCENT bound IN SPECIES #1501400 CaHCOS ♦
93.1 PERCENT bound IN SPECIES #3301400 mcw -
2.0 PERCENT bound IN SPECIES #3301401 N2C03 AG
96.3 PERCENT BOUND IN SPECIES # 60 MVynT
3.7 PERCENT BOUND IN SPECIES #3300600 -
F-1 92.1 PERCENT BOUND IN SPECIES # 270 F-1
6.1 PERCENT BOUND IN SPECIES #4602700 MgF ♦
1.7 PERCENT BOUND IN SPECIES #1502700 CaF +
Cl-1 100.0 PERCENT BOUND IN SPECIES # 180 Cl-1
S04-2 73.3 PERCENT BOUND IN SPECIES # 732 S04-2
7.8 PERCENT BOUND IN SPECIES #4607320 NgS04 AO
17.3 PERCENT BOUND IN SPECIES #1507320 CaS04 AQ
1.S PERCENT BOUND IN SPECIES #5007320 NaS04 -
N03-1 100.0 PERCENT BOUND IN SPECIES # 492 N03-1
Al«+3 39.0 PERCENT BOUND IN SPECIES # 303302 Al(0H)4 -
59.9 PERCENT BOUND IN SPECIES # 303303 Al(0H)3 AO
H3AS04 5.4 PERCENT BOUND IN SPECIES #4600610 NgHAs04 AQ
4.9 PERCENT BOUND IN SPECIES #4600611 NgAs04 •
7.2 PERCENT BOUND IN SPECIES #1500610 CaHAs04 AQ
4.3 PERCENT BOUND IN SPECIES #1500611 CaAs04 -
1.7 PERCENT BOUND IN SPECIES #2810612 FeAs04 0
55.8 PERCENT BOUND IN SPECIES #2810613 Fe(As042-3
19.5 PERCENT BOUND IN SPECIES #3300612 HA&04 -2
Be+2 100.0 PERCENT BOUND IN SPECIES # 100 Ba+2
Ca+2 77.0 PERCENT BOUND IN SPECIES # 150 Ca+2
22.9 PERCENT BOUND IN SPECIES #1507320 CaS04 AQ
Cu+2 1.5 PERCENT BOUND IN SPECIES # 231 Cu+2
1.5 PERCENT BOUND IN SPECIES #2311400 CuCOS AQ
95.8 PERCENT BOUND IN SPECIES #2313301 Cu(0H)2 AQ














16.0 PERCENT pfflEHP IN SPECIES # 600 Pb»2
1.8 PERCENT BOUND IN SPECIES 86001800 PfaCl ♦
16.5 PERCENT BOUND IN SPECIES 86003300 PbOH ♦
14.4 PERCENT BOUND IN SPECIES 86007320 PbS04 AQ
51. 5 PERCENT BOUND IN SPECIES 86001401 PbCQS AQ
79.0 PERCENT BOUND IN SPECIES 8 460 *8*2
20.6 PERCENT BOUND IN SPECIES 84607320 NgS04 AQ
78.6 PERCENT BOUND IN SPECIES 8 470 Mn+2
1.2 PERCENT BOUND IN SPECIES 84701800 NnCl ♦
20.1 PERCENT BOUND IN SPECIES 84707320 MnS04 AQ
37.3 PERCENT BOUND IN SPECIES 8 540 M+2
10.6 PERCENT BOUND IN SPECIES 85407320 B1S04 AQ
51.1 PERCENT BOUND IN SPECIES 85401401 M1C03 AQ
98.1 PERCENT BOUND IN SPECIES 8 410 K*1
1.9 PERCENT BOUND IN SPECIES 84107320 KS04 -
98.5 PERCENT BOUND IN SPECIES 8 500 Na+1
1.5 PERCENT BOUND IN SPECIES 85007320 NaS04 -
67.3 PERCENT BOUND IN SPECIES 8 950 Zm2
1.5 PERCENT BOUND IN SPECIES 89503300 ZnOH ♦
2.6 PERCENT BOUND IN SPECIES 89503301 Zn(0H)2 AQ
23.2 PERCENT BOUND IN SPECIES 89507320 ZnS04 AQ
1.4 PERCENT BOUND IN SPECIES 89507321 Zn(S04)2-2
2.5 PERCENT BOUND IN SPECIES 89501401 ZnC03 AQ
2.0 PERCENT BOUND IN SPECIES 83300020 OH-
5.9 PERCENT BOUND IN SPECIES 8 303302 Al(0H)4 -
6.8 PERCENT BOUND IN SPECIES 8 303303 Al(0H)3 AQ
23.1 PERCENT BOUND IN SPECIES 82813301 FC0H2 ♦
26.8 PERCENT BOUND IN SPECIES 82813302 FeOH3 AQ
34.2 PERCENT BOUND IN SPECIES 82813303 FeOH4 -
100.0 PERCENT BOUND IN SPECIES 84700021 Nn04 -2
1.6 PERCENT BOUND IN SPECIES 84601401 MgHC03 ♦
2.2 PERCENT BOUND IN SPECIES 81501400 CaHCOS ♦
110.6 PERCENT BOUND IN SPECIES 83301400 HC03 -
4.7 PERCENT BOUND IN SPECIES 83301401 H2C03 AQ
36.1 PERCENT BOUND IN SPECIES 82813301 FeOH2 ♦
27.9 PERCENT BOUND IN SPECIES 82813302 FeOH3 AQ
26.7 PERCENT BOUND IN SPECIES 82813303 FeOH4 -
8.8 PERCENT BOUND IN SPECIES 82810613 Fe(As042-3
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_____________________ PART 5 of OUTPUT FILE ____________
PC MINTEQA2 v3.00 DATE OF CALCULATIONS: 15-NAR-92 TINE: 16:11:37
- EQUILIBRATED NASS DISTRIBUTION
10X NAME DISSOLVED SORBED PRECIPITATED
MOL/KG PERCENT M0L/K6 PERCENT MOL/KG PERCENT
160 COS-2 1.676E-06 100.0 O.OOOE-OI 0.0 0.000E-01 0.0
60 1.066E-06 100.0 O.OOOE-OI 0.0 O.OOOE-OI 0.0
270 F-1 1.687E-04 100.0 0.000E-01 0.0 O.OOOE-OI 0.0
180 Cl-1 7.631E-03 100.0 0.000E-01 0.0 0.000E-01 0.0
732 S04-2 9.219E-03 100.0 0.000E-01 0.0 O.OOOE-OI 0.0
692 NOS-1 6.662E-06 100.0 0.000E-01 0.0 0.000E-01 0.0
30 Al«3 8.168E-07 100.0 0.000E-01 0.0 O.OOOE-OI 0.0
61 NSAsOt 2.176E-06 100.0 O.OOOE-OI 0.0 0.000E-01 0.0
100 B**2 1.882E-07 100.0 0.000E-01 0.0 0.000E-01 0.0
150 C»»2 6.948E-03 100.0 0.000E-01 0.0 O.OOOE-OI 0.0
231 Cu»2 6.306E-08 100.0 0.000E-01 0.0 0.000E-01 0.0
280 F«»2 3.095E-06 100.0 O.OOOE-OI 0.0 O.OOOE-OI 0.0
600 Pb»2 9.670E-09 100.0 0.000E-01 0.0 0.000E-01 0.0
660 M»*2 3.676E-03 100.0 O.OOOE-OI 0.0 0.000E-01 0.0
670 Mn*2 1.915E-05 100.0 O.OOOE-OI 0.0 O.OOOE-OI 0.0
560 U\*2 1.365E-07 100.0 O.OOOE-OI 0.0 0.000E-01 0.0
610 K+\ 6.738E-06 100.0 0.000E-01 0.0 O.OOOE-OI 0.0
500 N««>1 8.889E-03 100.0 0.000E-01 0.0 0.000E-01 0.0
950 Zm2 6.597E-08 100.0 0.000E-01 0.0 0.000E-01 0.0
2 N20 2.150E-05 100.0 O.OOOE-OI 0.0 0.000E-01 0.0
1 E-1 -1.633E-50 100.0 O.OOOE-OI 0.0 0.000E-01 0.0
330 H«-1 1.609E-06 100.0 O.OOOE-OI 0.0 0.000E-01 0.0
281 Fe+3 6.878E-06 100.0 0.000E-01 0.0 0.000E-01 0.0
CHARGE BALANCE: SPECIATED
SUN OF CATIONS • 2.565E-02 SUN OF ANIONS 2.161E-02 
PERCENT DIFFERENCE * 9.003E+00 (ANIONS - CATIONS)/(ANIONS ♦ CATIONS)
NON-CARBONATE ALKALINITY * A.075E-07
EQUILIBRIUM IONIC STRENGTH («) • 3.840E-02
EQUILIBRIUM pH « 7.900
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_____________________ PART 6 of OUTPUT FILE ____________
PC NINTEQA2 v3.00 DATE OF CALCULATIONS: 15-MAR-92 TINE: 16:11:39
Saturation Indicts and atoichioaetry of all aifnarals
ID 0 MANE Sat. Index StofchfoMtry (In parentheses) of oach component
2003000 ALOK3CA) -1.403 ( 1.000) 30 ( 3.000) 2 ( •3.000)330
6003000 AL0NS04 -5.357 < -1.000)330 ( 1.000) 30 ( 1.000)732 ( 1.000) 2
6003001 AL4(OM)10SO4 -2.207 (-10.000)330 ( 4.000) 30 ( 1.000)732 ( 10.000) 2
6041000 ALUM K -16.867 ( 1.000)410 ( 1.000) 30 ( 2.000)732 ( 12.000) 2

























( 1.000) 30 ( 2.000) 2








( 1.000) 30 ( 2.000) 2
5015002 DOLOMITE -1.513 ( 1.000)150 ( 1.000)460 ( 2.000)140
6046000 EPSON!TE -3.141 ( 1.000)460 ( 1.000)732 ( 7.000) 2
2028100 FERRIHYDRITE 2.996 ( -3.000)330 ( 1.000)281 ( 3.000) 2
2028101 FE3(OH)8 5.437 ( -8.000)330 ( 2.000)281 ( 1.000)280 ( 8.000) 2












( 1.000) 30 ( 3.000) 2
3003000 A1203 •3.592 ( 2.000) 30 ( 3.000) 2 ( •6.000)330
2028102 GOETHITE 7.003 ( -3.000)330 ( 1.000)281 ( 2.000) 2








( 2.000)281 ( 3.000) 2
5015003 HUNTITE -7.591 ( 3.000)460 ( 1.000)150 ( 4.000)140
5046001 HYORMAGNESIT -16.857 ( 5.000)460 ( 4.000)140 ( -2.000)330 ( 6.000) 2
6050000 JAROSITE NA 3.104 ( -6.000)330 ( 1.000)500 ( 3.000)281 ( 2.000)732
6041002 JAROSITE K 5.712
( 6.000) 2 
( -6.000)330 ( 1.000)410 ( 3.000)281 ( 2.000)732
6028101 JAROSITE N -2.263
( 6.000) 2 
( -5.000)330 ( 3.000)281 ( 2.000)732 ( 7.000) 2








( 2.000)281 ( 1.000)280 ( 4.000) 2
6028000 MELANTERITE •5.851 ( 1.000)280 ( 1.000)732 ( 7.000) 2
6050001 MIRABILITE -5.138 ( 2.000)500 ( 1.000)732 ( 10.000) 2
3050000 NATRON -8.965 ( 2.000)500 ( 1.000)140 ( 10.000) 2
5046003 NESQUEHONITE •3.825 ( 1.000)460 ( 1.000)140 < 3.000) 2
T—4128
6050002 THEMARDITE •6.588 € 2.000)500 1.000)732
5050001 TMERNONATR -10.890 C 2.000)500 1.000)140 ( 1.000) 2
5010000 WITHERITE -4.861 € 1.000)100 1.000)140
5047000 NMJSMANN1TE -9.068 ( -8.000)330 •2.000) 1 ( 3.000)470
2047003 RTROCROITE •5.020 ( -2.000)330 1.000)470 ( 2.000) 2
5047000 RHODOCHROSIT -1.197 C 1.000)470 1.000)140
4147000 MNCL2, 4H20 -11.797 < 1.000)470 2.000)180 < 4.000) 2
6047000 MNS04 •10.693 C 1.000)470 1.000)732
4123100 MELAMOTHALLI -17.804 ( 1.000)231 2.000)180
5023100 •6.124 C 1.000)231 1.000)140
4223100 OIF2 •16.840 C 1.000)231 2.000)270
42Z3101 GUF2, 2M20 -12.654 ( 1.000)231 2.000)270 ( 2.000) 2
2023100 c u (0M>2 -2.579 C -2.000)330 1.000)231 C 2.000) 2
202
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10 # NAME Bat. Index Stofchlomtry (In parentheses) of each component
4123101 ATACAMITE -5.012 •3.000)330 ( 2.000)231 ( 3.000) 2 ( 1.000)180
5123100 CU2(OH)3N03 -9.937 •3.000)330 ( 2.000)231 ( 3.000) 2 ( 1.000)492
6023100 ANTLERITE -7.176 •4.000)330 C 3.000)231 ( 4.000) 2 ( 1.000)732
6023101 BROCHAMTITE -7.761 -6.000)330 € 4.000)231 ( 6.000) 2 ( 1.000)732
6023102 LAMGITE -10.260 •6.000)330 € 4.000)231 ( 7.000) 2 ( 1.000)732
2023101 TENORIIE -1.559 •2.000)330 ( 1.000)231 ( 1.000) 2
6023103 CU0CUSQ4 -17.823 •2.000)330 € 2.000)231 ( 1.000) 2 ( 1.000)732
6023104 CUS04 •15.306 1.000)231 C 1.000)732
6023105 CHALCANTHITE -9.139 1.000)231 ( 1.000)732 ( 5.000) 2
3023100 CUPRICFER1T 15.334 -8.000)330 C 1.000)231 € 2.000)281 € 4.000) 2
95000 2N METAL -41.348 1.000)950 ( 2.000) 1
4195000 ZNCL2 -19.727 1.000)950 ( 2.000)180
5095000 SNITHSONITE -4.355 1.000)950 ( 1.000)140
5095001 ZNCQ3, 1H20 •3.980 1.000)950 C 1.000)140 C 1.000) 2
4295000 ZNF2 -14.419 1.000)950 ( 2.000)270
2095000 2N(0H)2 (A) -4.471 •2.000)330 ( 1.000)950 ( 2.000) 2
2095001 ZN(0H)2 (C) -4.221 •2.000)330 ( 1.000)950 ( 2.000) 2
2095002 ZN(0H)2 (B) -3.771 •2.000)330 ( 1.000)950 ( 2.000) 2
2095003 ZN(0H)2 (C) -3.731 •2.000)330 ( 1.000)950 ( 2.000) 2
2095004 ZN(0H)2 (E) -3.521 •2.000)330 ( 1.000)950 ( 2.000) 2
4195001 ZN2(0H)3CL •9.348 •3.000)330 ( 2.000)950 ( 3.000) 2 ( 1.000)180
4195002 ZN5(0H)8CL2 •18.818 •8.000)330 ( 5.000)950 < 8.000) 2 ( 2.000)180
6095000 ZN2(0H)2S04 •9.822 -2.000)330 ( 2.000)950 ( 2.000) 2 ( 1.000)732
6095001 ZN4(0H)6S04 •14.764 •6.000)330 ( 4.000)950 ( 6.000) 2 ( 1.000)732
5195000 ZNN03)2(6H20 •21.651 1.000)950 ( 2.000)492 ( 6.000) 2
2095005 ZNO(ACTIVE) •3.331 •2.000)330 ( 1.000)950 ( 1.000) 2
2095006 ZINCITE -3.740 •2.000)330 ( 1.000)950 ( 1.000) 2
6095002 ZN30(S04)2 •33.286 •2.000)330 ( 3.000)950 ( 2.000)732 ( 1.000) 2
6095003 ZINCOSITE •13.820 1.000)950 ( 1.000)732
6095004 ZNS04, 1H20 •10.014 1.000)950 ( 1.000)732 ( 1.000) 2
6095005 BIANCHITE •8.542 1.000)950 ( 1.000)732 < 6.000) 2
6095006 GOSLARITE •8.256 1.000)950 ( 1.000)732 ( 7.000) 2
60000 PB METAL -20.175 1.000)600 ( 2.000) 1
4160000 COTUNNITE -8.615 1.000)600 ( 2.000)180
ooo-«* MATLOCKITE -5.572 1.000)600 ( 1.000)180 ( 1.000)270
4160002 PHOSGEN1TE -9.262 2.000)600 ( 2.000)180 ( 1.000)140
5060000 CERRUSITE -2.280 1.000)600 ( 1.000)140
4260000 PBF2 -9.471 1.000)600 ( 2.000)270
2060000 MASSICOT -6.675 •2.000)330 ( 1.000)600 ( 1.000) 2
2060001 LITHARGE •6.474 •2.000)330 ( 1.000)600 ( 1.000) 2
6160000 SCHULTENITE -9.997 •2.000)330 ( 1.000)600 ( 1.000) 61
2060002 PBO( .3H20 •6.300 •2.000)330 ( 1.000)600 ( 1.330) 2
5060001 PB20C03 -8.663 •2.000)330 ( 2.000)600 ( 1.000) 2 C 1.000)140
6060000 LARNAK1TE •4.812 •2.000)330 ( 2.000)600 ( 1.000)732 ( 1.000) 2
6060001 PB302S04 -9.192 •4.000)330 C 3.000)600 ( 1.000)732 ( 2.000) 2
6060002 PB403S04 -14.591 •6.000)330 ( 4.000)600 ( 1.000)732 ( 3.000) 2
5060002 PB302C03 -13.900 •4.000)330 ( 3.000)600 ( 1.000)140 ( 2.000) 2
T-41282060003 PLATTNER1TE -21.098 ( •4.000)330 ( -2.000) 1 ( 1.000)600 ( 2.000) 2
3060000 PB203 -25.085 ( -6.000)330 ( -2.000) 1 ( 2.000)600 ( 3.000) 2
3060001 MINIUM -33.778 ( •8.000)330 ( -2.000) 1 ( 3.000)600 ( 4.000) 2
2060004 PB(OH)2 (C) -1.841 ( -2.000)330 ( 1.000)600 c 2.000) 2
4160003 LAURIONITE -4.050 ( -1.000)330 ( 1.000)600 ( 1.000)180 ( 1.000) 2
204
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ID f NAME Sat. Index StoicMawtry (fn parentheses) of each coaponent
4160004 P82(0H)3CL -5.541 •3.000)330 ( 2.000)600 3.000) 2 ( 1.000)180
5060003 HYDCERRUSITE •6.939 -2.000)330 € 3.000)600 2.000)140 ( 2.000) 2
2060005 PB20(0H)2 -12.841 -4.000)330 ( 2.000)600 3.000) 2
6060004 P84(0H)6S04 -12.663 -6.000)330 ( 4.000)600 1.000)732 ( 6.000) 2
5054000 Ml 003 -7.446 1.000)540 ( 1.000)140
2054000 Ml(OH)2 -1.797 •2.000)330 € 1.000)540 2.000) 2
6054000 MI4(0H)6S04 -17.496 •6.000)330 ( 4.000)540 1.000)732 C 6.000) 2
2054001 8UNSENITE -4.887 •2.000)330 ( 1.000)540 1.000) 2
6054001 RETGERSITE -8.017 1.000)540 ( 1.000)732 6.000) 2
6054002 NORENOSITE •7.648 1.000)540 ( 1.000)732 7.000) 2
50Z3101 MALACHITE -4.522 2.000)231 ( 2.000) 2 1.000)140 ( -2.000)330
5023102 AZURITE •8.752 3.000)231 ( 2.000) 2 2.000)140 C -2.000)330
3006000 ARSENOLITE •20.756 4.000) 60 C -6.000) 2
3006001 CLAUDETITE •20.520 4.000) 60 ( -6.000) 2
3006100 AS205 •33.855 2.000) 61 ( -3.000) 2
7203000 ALAS04.2W •8.613 1.000) 30 ( 1.000) 61 2.000) 2 ( -3.000)330
7215000 CA3(AS04)26U -9.663 3.000)150 ( 2.000) 61 4.000) 2 ( -6.000)330
7223100 CU3(AS04)26U -13.718 3.000)231 ( 2.000) 61 2.000) 2 ( -6.000)330
7228100 FEAS04.2U •6.020 1.000)281 ( 1.000) 61 2.000) 2 ( -3.000)330
7247000 MN3AS0428U -6.976 3.000)470 ( 2.000) 61 8.000) 2 ( -6.000)330
7254000 M13(AS04)28U •18.126 3.000)540 ( 2.000) 61 8.000) 2 ( -6.000)330
7260000 PB3(AS04)2 -12.774 3.000)600 ( 2.000) 61 •6.000)330
7295000 ZN3AS0422.5W •16.726 3.000)950 ( 2.000) 61 2.500) 2 ( -6.000)330
7210000 BA(AS04)2 8.258 3.000)100 ( 2.000) 61 -6.000)330
2015000 LINE -20.805 -2.000)330 ( 1.000)150 1.000) 2
2015001 PORTLANDITE -10.271 •2.000)330 ( 1.000)150 2.000) 2
2028000 WUSTITE •2.146 •2.000)330 ( 0.947)280 1.000) 2
2046001 PERICLASE -9.540 •2.000)330 ( 1.000)460 1.000) 2
3028001 HERCYNITE 0.036 •8.000)330 ( 1.000)280 2.000) 30 ( 4.000) 2
3046000 SPINEL •6.378 •8.000)330 ( 1.000)460 2.000) 30 ( 4.000) 2
3046001 MAG-FERRITE 10.171 •8.000)330 ( 1.000)460 2.000)281 ( 4.000) 2
4250000 CRYOLITE -11.951 1.000) 30 ( 3.000)500 6.000)270
3028102 LEPIDOCROCIT 6.516 •3.000)330 ( 1.000)281 2.000) 2
4128
_ _ _ _ _ _ _  fart 1 of OUTPUT FILE __, ^ _ _ _
PC M1NTEOA2 vS.OO DATE OF CALCULATIONS: 21-MAR-92 TINE: 13:44:48
301-054-1140
Taaperature (Calalua): 13.50 
Units of concentration: MG/L 
Ionic strength to be eosputad.
Carbonate concentration represents carbonate alkalinity.
Do not autoaatically terminate If charge {balance exceeds SOX 
Precipitation fa allowed only for those solids specified as ALLOUED 
in the input file (if any).
The aaxiaM nudber of iterations is: 40





























INPUT DATA BEFORE TYPE MODIFICATIONS
4128ID MANE ACTIVITY GUESS LOG GUESS ANAL TOTAL
330 H*1 7.943E-08 -7.100 8.006E-05
1 E-1 7.762E-05 -4.110 7.685E-05
270 F-1 2.512E-04 •3.600 4.800E+00
180 Cl-1 6.026E-03 -2.220 2.160E+02
732 S04-2 1.862E-02 -1.730 1.790E+03
492 M03-1 1.622E-06 -5.790 1.000E-01
SO Al+3 1.000E-06 -6.000 2.700E-02
81 w*«nt 1.479E-06 -5.830 2.080E-01
100 B*»2 1.349E-07 -6.870 1.840E-02
150 Ct+2 1.514E-02 •1.820 6.100E+02
231 Ou»2 7.943E-08 -7.100 5.000E-03
280 F*»2 8.710E-05 •4.060 4.920E+00
600 Pto*2 4.677E-07 -6.330 9.590E-02
460 •*♦2 3.715E-03 •2.430 8.970E+01
470 IM*2 8.51IE-05 •4.070 4.630E+00
540 Mi+2 1.349E-07 -6.870 8.000E-03
410 K+1 7.244E-04 •3.140 2.830E+01
500 M«+1 9.120E-03 •2.040 2.100E+02
950 Zn+2 5.012E-05 •4.300 3.280E+00
281 Fe+3 1.778E-21 •20.750 0.000E-01
60 K3AsQ3 1.230E-05 -4.910 1.560E+00
140 C03-2 8.318E-08 •7.080 5.000E-03
2 H20 1.000E+00 0.000 0.000E-01
CHARGE BALANCE: UNSPECIATED
SUM OF CATIONS* 4.827E-02 SUN OF ANIONS ■ 4.382E-02
PERCENT DIFFERENCE « 4.830E+00 (ANIONS * CAT10NS)/(ANI0NS ♦ CATIONS)
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_____________________PART 3 of OUTPUT FILE ._____
PC NINTEQA2 vS.OO DATE OF CALCULATIONS: 21-MAR*92 TINE: 13:45: 9
PARAMETERS OF THE COMPONENT HOST OUT OF BALANCE:
ITER MANE TOTAL NOL OIFF FXN LOG ACTVTY
0 Cu+2 7.892E-08 5.929E-07 •7.10000
1 F-1 2.534E-04 5.661E-01 -3.61742
2 F-1 2.S34E-04 1.483E-01 •3.67370
3 F-1 2.534E-04 4.665E-02 •3.77448
A F-1 2.534E-04 1.443E-02 -3.87007
5 F-1 2.534E-04 4.394E-03 •3.96321
6 F-1 2.534E-04 1.286E-03 •4.05029
7 Al+3 1.004E-06 3.276E-02 •8.48460
8 Al+3 1.004E-06 8.189E-03 •8.78503
9 Al+3 1.004E-06 2.040E-03 -9.11447
10 Al+3 1.004E-06 4.995E-04 •9.48896
11 Al+3 1.004E-06 6.096E-05 •9.96305
12 Cu+2 7.892E-08 1.812E-07 •7.51775
13 Al+3 1.004E-06 6.976E-06 •11.11253
14 Fe+2 8.836E-05 1.392E-03 •4.57478
15 H3A&04 1.470E-06 6.432E-04 •10.82691
16 N3As04 1.470E-06 1.542E-04 •11.13970
17 N3At04 1.470E-06 3.794E-05 •11.45044
18 K3AS04 1.470E-06 9.101E-06 -11.76148
19 N3A&04 1.470E-06 1.932E-06 •12.04815
20 H3AS04 1.470E-06 2.618E-07 •12.23175
21 H3AS04 1.470E-06 9.037E-09 •12.27648
to NAME ANAL MOL CALC NOL ACTIVITY LOG ACTVTY NEU LOCK DIFF FXN
140 C03-2 2.253E-07 1.619E-10 6.950E-11 •10.15804 0.429135 0.3674 -7.671E-14
60 H3AsQ3 1.242E-05 1.235E-05 1.252E-05 •4.90228 1.014087 •0.0061 4.706E-13
270 F-1 2.534E-04 2.309E-04 1.869E-04 •3.72846 0.809373 0.0919 -5.279E-11
180 Cl-1 6.111E-03 6.110E-03 4.945E-03 •2.30582 0.809373 0.0919 -1.285E-09
732 S04-2 1.869E-02 1.279E-02 5.490E-03 •2.26042 0.429135 0.3674 -1.060E-08
492 NQ3-1 1.618E-06 1.618E-06 1.309E-06 •5.88299 0.809373 0.0919 -3.402E-13
30 Al+3 1.004E-06 7.139E-12 1.064E-12 -11.97300 0.149052 0.8267 -1.090E-14
61 H3A*04 1.470E-06 5.196E-13 5.269E-13 •12.27823 1.014087 •0.0061 1.081E-11
100 Be+2 1.344E-07 1.344E-07 5.766E-08 -7.23910 0.429135 0.3674 •1.131E-13
150 Ca+2 1.526E-02 1.068E-02 4.584E-03 •2.33878 0.429135 0.3674 -8.808E-09
231 Cu+2 7.892E-08 2.714E-08 1.165E-08 •7.93382 0.429135 0.3674 •2.129E-14
280 Fe+2 8.836E-05 6.016E-05 2.582E-05 •4.58808 0.429135 0.3674 -4.573E-11
600 Pb+2 4.642E-07 1.781E-D7 7.643E-08 •7.11674 0.429135 0.3674 •1.619E-13
460 M0+2 3.701E-03 2.680E*03 1.150E-03 -2.93921 0.429135 0.3674 •2.218E-09
470 Nn+2 8.453E-05 6.141E-05 2.635E-05 -4.57919 0.429135 0.3674 -5.093E-11
540 Nf+2 1.367E-07 9.636E-08 4.135E-08 -7.38350 0.429135 0.3674 -7.973E-14
410 K+1 7.259E-04 7.039E-04 5.697E-04 -3.24437 0.809373 0.0919 -1.527E-10
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950 Zn+2 5.Q33E-05 3.217E-05 1.381E-05 •4.85992 0.429135 0.3674
209
-2.805E-11
2 H20 0.000E-01 -1.723E-05 9.991E-01 -0.00040 1.000000 0.0004 O.OOOE-OI
1 E-1 7.685E*05 8.502E-05 7.686E-05 •4.11430 0.809373 4.1143 0.000E-01
330 N+1 7.966E-08 9.814E-08 7.943E-08 •7.10000 0.809373 0.0919 O.OOOE-OI
281 Fe+3 O.OOOE-OI 1.064E-13 1.585E-H •13.79984 0.149052 0.8267 O.OOOE-OI
Type 1 - COMPONENTS AS SPECIES IN SOLUTION
ID NAME CALC NOL ACTIVITT LOG ACTVTY 6AMHA NEIf LOGIC ON
330 M+1 9.814E-08 0.0000001 •7.10000 0.809373 0.092 0.000
140 C03-2 1.619E-10 0.0000000 •10.15804 0.429135 0.367 0.000
270 F-1 2.309E-04 0.0001869 •3.72846 0.809373 0.092 0.000
180 Cl-1 6.110E-03 0.0049451 -2.30582 0.809373 0.092 0.000
732 S04-2 1.279E-02 0.0054901 -2.26042 0.429135 0.367 0.000
492 N03-1 1.618E-06 0.0000013 •5.88299 0.809373 0.092 0.000
30 Al+3 7.139E-12 0.0000000 •11.97300 0.149052 0.827 0.000
61 H3AS04 5.196E-13 0.0000000 •12.27823 1.014087 •0.006 0.000
100 Be+2 1.344E-07 0.0000001 -7.23910 0.429135 0.367 0.000
150 Ce+2 1.068E-02 0.0045837 •2.33878 0.429135 0.367 0.000
231 Cu+2 2.714E-08 0.0000000 •7.93382 0.429135 0.367 0.000
280 Fe+2 6.016E-05 0.0000258 •4.58808 0.429135 0.367 0.000
600 Pb+2 1.781E-07 0.0000001 -7.11674 0.429135 0.367 0.000
460 Ng+2 2.680E-03 0.0011502 •2.93921 0.429135 0.367 0.000
470 Mn+2 6.141E-05 0.0000264 •4.57919 0.429135 0.367 0.000
540 Nl+2 9.636E-08 0.0000000 •7.38350 0.429135 0.367 0.000
410 K+1 7.039E-04 0.0005697 -3.24437 0.809373 0.092 0.000
500 Ne+1 8.934E-03 0.0072306 •2.14083 0.809373 0.092 0.000
950 Zn+2 3.217E-05 0.0000138 •4.85992 0.429135 0.367 0.000
281 Fe+3 1.064E-13 0.0000000 •13.79984 0.149052 0.827 0.000
60 H3A*G3 1.235E-05 0.0000125 -4.90228 1.014087 •0.006 0.000
Type II - OTHER SPECIES IN SOLUTION OR ADSORBED
ID NAME CALC NOL ACTIVITY LOG ACTVTY GAMMA NEW LOGIC DH
3302700 HF AQ 1.709E-08 0.0000000 •7.76120 1.014087 3.061 3.460
3302701 HF2 - 1.413E-11 0.0000000 -10.94171 0.809373 3.707 4.550
3302702 H2F2 AQ 1.274E-15 0.0000000 -14.88892 1.014087 6.762 0.000
3300020 OH- 6.325E-08 0.0000001 -7.29081 0.809373 •14.299 13.345
4603300 MgOH ♦ 1.039E-08 0.0000000 •8.07521 0.809373 •12.144 15.935
4602700 MgF ♦ 1.279E-05 0.0000103 •4.98511 0.809373 1.774 4.674
4601400 MgC03 AQ 6.305E-11 0.0000000 •10.19423 1.014087 2.897 2.022
4601401 MgHC03 + 2.395E-09 0.0000000 •8.71261 0.809373 11.576 -2.430
4607320 MgS04 AQ 1.007E-03 0.0010215 •2.99077 1.014087 2.203 1.399
4600610 MgHAsOt AQ 4.231E-08 0.0000000 •7.36745 1.014087 •6.356 0.000
4600611 MgAs04 • 6.374E-09 0.0000000 -8.28745 0.809373 •14.278 0.000
4600612 MgH2As04 + 1.677E-09 0.0000000 •8.86745 0.809373 -0.658 0.000
1503300 CaOH + 6.718E-09 0.0000000 -8.26459 0.809373 •12.934 14.535
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1501401 3.608E-10 0.0000000 •9.43663 1.014087 3.054 4.030
1507320 C*S04 AQ 4.576E-Q3 0.0046406 •2.33342 1.014087 2.260 1.470
1500610 CeHAs04 AQ 1.167E-07 0.0000001 -6.92701 1.014087 •6.516 0.000
1500611 fmAmnL . 1.135E-08 0.0000000 •8.03701 0.809373 •14.628 0.000
1500612 CaH2As04 ♦ 2.264E-09 0.0000000 -8.73701 0.809373 •1.128 0.000
1502700 CaF ♦ 7.127E-06 0.0000058 •5.Z3892 0.809373 0.920 3.798
5001400 - 6.294E-12 0.0000000 •11.29290 0.809373 1.098 8.911
5001401 MaHCQS AQ 4.732E-10 0.0000000 •9.31886 1.014087 10.074 0.000
5007320 - 2.279E-04 0.0001844 •3.73418 0.809373 0.759 1.120
5002700 NaF AQ 2.161E-07 0.0000002 -6.65929 1.014087 -0.796 0.000
4107320 004 - 2.204E-05 0.0000178 -4.74861 0.809373 0.848 2.250
303300 AIOM +2 1.426E-10 0.0000000 •10.21329 0.429135 -4.972 11.899
303301 At (011)2 ♦ 1.652E-08 0.0000000 -7.87380 0.809373 -10.008 0.000
303302 AI(0H>4 - 1.666E-08 0.0000000 •7.87020 0.809373 -24.204 44.060
302700 AIF +2 4.742E-09 0.0000000 -8.69146 0.429135 7.377 0.000
302701 AIF2 ♦ 6.665E-08 0.0000001 -7.26802 0.809373 12.254 20.000
302702 AIF3 AQ 6.054E-07 0.0000006 •6.21189 1.014087 16.940 2.500
302703 AIF4 - 8.414E-08 0.0000001 -7.16683 0.809373 19.812 0.000
307320 AIS04 ♦ 6.535E*12 0.0000000 -11.27664 0.809373 3.049 2.150
307321 At (S04)2 - 2.720E-12 0.0000000 •11.65735 0.809373 4.928 2.840
303303 Al(0H)3 AQ 2.088E-07 0.0000002 •6.67420 1.014087 •16.006 0.000
300610 AIHAS04 ♦ 1.232E-12 0.0000000 •12.00123 0.809373 •1.858 0.000
300611 AlAs04 - 5.897E-10 0.0000000 •9.32123 0.809373 •6.278 0.000
300612 AIH2AS04 ♦ 5.897E-17 0.0000000 •16.32123 0.809373 0.922 0.000
2803300 FeOH ♦ 5.191E-08 0.0000000 •7.37660 0.809373 -9.796 13.199
2803301 FeOH3 -1 8.158E-16 0.0000000 -15.18026 0.809373 •31.799 30.300
2807320 FeS04 AQ 1.997E-05 0.0000203 •4.69348 1.014087 2.149 3.230
2803302 FeOH2 AQ 1.567E-12 0.0000000 •11.79885 1.014087 •21.416 28.565
2800610 FeHAs04 AQ 4.546E-09 0.0000000 •8.33632 1.014087 •5.676 0.000
2800611 FeAs04 - 7.683E-10 0.0000000 •9.20632 0.809373 •13.548 0.000
2800612 FeH2As04 ♦ 5.574E-10 0.0000000 •9.34572 0.809373 0.512 1.000
2813300 FeOH +2 1.484E-09 0.0000000 •9.19602 0.429135 •2.128 10.399
2817320 FeS04 ♦ 6.865E-13 0.0000000 •12.25523 0.809373 3.897 3.910
2811800 FeCl +2 3.776E-15 0.0000000 •14.79033 0.429135 1.683 5.600
2811801 FeCl2 ♦ 6.462E-17 0.0000000 •16.28148 0.809373 2.222 0.000
2811802 FeCIS AQ 2.551E-20 0.0000000 •19.58730 1.014087 1.124 0.000
2813301 FeOH2 + 6.625E-06 0.0000054 •5.27064 0.809373 -5.578 0.000
2813302 FeOH3 AQ 7.814E-07 0.0000008 -6.10104 1.014087 -13.606 0.000
2813303 FcOH4 - 1.231E-07 0.0000001 -7.00144 0.809373 •21.508 0.000
2810610 FeHAs04 +1 7.478E-12 0.0000000 •11.21807 0.809373 0.752 0.000
2810611 FeH2As04+2 1.582E-17 0.0000000 -17.16807 0.429135 2.177 0.000
2810612 FeAs04 0 2.546E-07 0.0000003 •6.58807 1.014087 •1.816 0.000
2810613 Fe(As042*3 3.805E-07 0.0000001 •7.24630 0.149052 •10.663 0.000
2812700 FeF +2 9.094E-12 0.0000000 •11.40866 0.429135 6.487 2.699
2812701 FeF2 ♦ 3.119E-11 0.0000000 -10.59790 0.809373 10.751 4.800
2812702 FeF3 AQ 7.079E-12 0.0000000 •11.14397 1.014087 13.835 5.399
2817321 Fe(S04)2 - 1.137E-13 0.0000000 -13.03594 0.809373 5.377 4.600
2813304 Fe2(OH)2+4 5.274E-16 0.0000000 -16.74744 0.033914 •1.877 13.500
2813305 Fe3(OH)4+5 3.756E-18 0.0000000 -19.72160 0.005055 •4.424 14.300
1003300 BaOH ♦ 1.414E-14 0.0000000 -13.94137 0.809373 •13.710 15.095
4701800 MnCl ♦ 6.514E-07 0.0000005 •6.27801 0.809373 0.699 0.000
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4708300 NnOH ♦ 3.971E-09 0.0000000 •8.49300 0.809373 •10.922 14.399
4703301 NnC0H)3 -1 1.027E-18 0.0000000 •18.08039 0.809373 -34.708 0.000
4700020 1*04 - 7.328E-61 0.0000000 •60.22686 0.809373 •132.926 176.620
4700021 1*04 -2 1.5572-54 0.0000000 •54.17498 0.429135 •122.484 150.020
4702700 Nr# ♦ 4.307E-08 0.0000000 •7.45765 0.809373 0.942 0.000
4707320 1*104 M 2.241E-05 0.0000227 -4.64342 1.014087 2.190 2.170
4704920 Nn( KB)2A0 1.8218-16 0.0000000 •15.73352 1.014067 0.606 •0.396
4701400 MnKCQS ♦ 7.1558-11 0.0000000 •10.23723 0.809373 11.692 0.000
4700610 NnHAaOt AQ 7.7008-09 0.0000000 •8.10742 1.014087 •5.456 0.000
4700611 Mr*s04 - 9.0048-11 0.0000000 •10.13742 0.809373 -14.488 0.000
4700612 NnH2As04 ♦ 3.5858-11 0.0000000 -10.53742 0.809373 -0.688 0.000
2311400 40 4.2868-12 0.0000000 •11.36165 1.014087 6.724 0.000
2311401 Cu(CG3)2-2 8.8628-19 0.0000000 •18.41969 0.429135 10.197 0.000
2311800 CuCl ♦ 1.0668-10 6*0000000 •10.06399 0.809373 0.267 8.650
2311801 CUC12 AQ 1.9868-13 0.0000000 -T2.69598 1.014067 •0.157 10.560
2311802 CUC13 - 3.5328-18 0.0000000 •17.54384 0.809373 •2.601 13.690
2311808 CuCU -2 1 2.4638-22 0.0000000 •21.97587 0.429135 •4.451 7.780
2312700 CUP ♦ 4.3658-11 0.0000000 -10.44991 0.809373 1.304 1.620
2313300 CUON ♦ 1.8108-09 0.0000000 -8.83422 0.809373 •7.908 0.000
2313301 Cu(0H)2 AO 3.7968-08 0.0000000 •7.41461 1.014067 •13.686 0.000
2313302 Cu(0H)3 3.6138-14 0.0000000 •13.53401 0.809373 •26.807 0.000
2313303 Cu(0H>4 -2 1.7068-19 0.0000000 •19.13541 0.429135 •39.233 0.000
2313304 Cu2(0H)2+2 6.6798-13 0.0000000 •12.54267 0.429135 •10.507 17.539
2317320 aq 1.185E-0B 0.0000000 -7.92011 1.014087 2.268 1.220
2311402 CuNCOS ♦ 7.9438-13 0.0000000 •12.19185 0.809373 13.092 0.000
9501800 ZnCl ♦ 1.340E-07 0.0000001 -6.96481 0.809373 0.293 7.790
9501801 2nCl2 AO 5.2778-10 0.0000000 -9.27151 1.014087 0.194 8.500
9501802 2nCl3 - 3.415E-12 0.0000000 -11.55850 0.809373 0.311 9.560
9501803 ZnCl4 -2 1.4498-14 0.0000000 •14.20648 0.429135 0.244 10.960
9502700 2nf ♦ 3.8748-08 0.0000000 •7.50366 0.809373 1.177 2.220
9503300 2nON ♦ 9.4968-08 0.0000001 -7.11432 0.809373 •9.262 13.399
9503301 Zn(0H>2 AO 2.7188-08 0.0000000 -7.55972 1.014087 -16.905 0.000
9503302 Zn(0H)3 - 1.3548-12 0.0000000 -11.96012 0.809373 •28.307 0.000
9503303 Zn(0M>4 -2 5.0928-18 0.0000000 -17.66052 0.429135 -40.832 0.000
9501804 ZnOHCl AQ 2.8048-08 0.0000000 -7.54614 1.014087 -7.486 0.000
9507320 ZnS04 AQ 1.598E-05 0.0000162 -4.79033 1.014087 2.324 1.360
9507321 Zn(S04)2-2 1.8488-06 0.0000008 -6.10075 0.429135 3.647 0.000
9501400 ZnKCQ3 ♦ 2.3658-10 0.0000000 -9.71796 0.809373 12.492 0.000
9501401 2nC03 AQ 1.888E-10 0.0000000 -9.71796 1.014087 5.294 0.000
9501402 Zn(C03)2-2 6.628E-16 0.0000000 -15.54599 0.429135 9.997 0.000
6001800 PbCl ♦ 1.382E-08 0.0000000 •7.95135 0.809373 1.563 4.380
6001801 PbCl2 AQ 1.0818-10 0.0000000 -9.96014 1.014087 1.762 1.080
6001802 PbCl3 - 4.9308-13 0.0000000 •12.39901 0.609373 1.727 2.170
6001803 PbCU -2 2.0128-15 0.0000000 •15.06382 0.429135 1.644 3.530
6001400 Pb<C03)2-2 3.7558-17 0.0000000 •16.79281 0.429135 11.007 0.000
6002700 PbF ♦ 3.1388-10 0.0000000 -9.59520 0.809373 1.342 0.000
6002701 PbP2 AQ 9.5568-13 0.0000000 •12.01365 1.014087 2.554 0.000
6002702 PfoFS - 1.621E-15 0.0000000 -14.88211 0.809373 3.512 0.000
6002703 PbP4 -2 2.734E-19 0.0000000 •18.93057 0.429135 3.467 0.000
6003300 PbOM ♦ 2.3168-08 0.0000000 -7.72714 0.809373 •7.618 0.000
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6003302 Pb(OM)3 • 1.636E-14 0.0000000 -13.87794 0.809373 •27.968 0.000
6003303 Pb20H *3 2.152E-13 0.0000000 •13.49388 0.149052 -5.533 0.000
6004920 PbN03 ♦ 1.829E-12 0.0000000 -11.82973 0.809373 1.262 0.000
6007320 PbS04 AO 2.327E-07 0.0000002 -6.62716 1.014087 2.744 0.000
6003304 Pfa3(0H)4+2 S.706E-18 0.0000000 -17.61105 0.429135 •24.292 26.500
6001401 PbCOS AO 9.102E-11 0.0000000 -10.03478 1.014087 7.234 0.000
6003305 Pb(OH)4 -2 8.914E-19 0.0000000 -18.41734 0.429135 -39.332 0.000
6007321 Pb(S04)2-2 1.584E-08 0.0000000 -8.16757 0.429135 3.837 0.000
6001402 PbHCOS ♦ 8.262E-12 0.0000000 -11.17478 0.809373 13.292 0.000
6000610 PbHAs04 AQ 1.199E-T1 0.0000000 •10.91497 1.014087 -5.726 0.000
6000612 PbH2As04 ♦ 1.114E-13 0.0000000 -13.04497 0.809373 •0.658 0.000
5401800 MiCl ♦ 6.332E-10 0.0000000 •9.29032 0.809373 0.491 0.000
5402700 M1F ♦ 1.905E-10 0.0000000 -9.81196 0.809373 1.392 0.000
5403300 NiON ♦ 3.826E-11 0.0000000 -10.50912 0.809373 -10.133 12.420
5403301 Ni(OH)2 AO 6.451E-13 0.0000000 •12.18430 1.014087 •19.006 0.000
5403302 Ni(OH)3 - 1.017E-16 0.0000000 -16.08470 0.809373 •29.908 0.000
5407320 MIS04 AO 3.938E-08 0.0000000 -7.39862 1.014087 2.239 1.520
5401801 N1C12 AO 9.095E-12 0.0000000 -11.03515 1.014087 0.954 0.000
5401400 NIHCQ3 ♦ 8.324E-13 0.0000000 -12.17154 0.809373 12.562 0.000
5401401 NiCOS AQ 2.101E-11 0.0000000 •10.67154 1.014087 6.864 0.000
5401402 Ni(C03)2-2 . 5.996E-18 0.0000000 •17.58958 0.429135 10.477 0.000
5407321 Ni(S04)2-2 3.041E-11 0.0000000 •10.88434 0.429135 1.387 0.000
3300600 M2AS03 • 7.390E-08 0.0000001 •7.22318 0.809373 -9.329 6.560
3300601 HAsOS -2 8.272E-13 0.0000000 •12.44981 0.429135 •21.380 14.199
3300602 As03 -3 7.672E-19 0.0000000 •18.94174 0.149052 •34.513 20.250
3300610 N4AS03 ♦ 6.089E-13 0.0000000 •12.30728 0.809373 •0.213 0.000
3300611 H2AS04 - 5.252E-08 0.0000000 •7.37154 0.809373 •2.101 •1.690
3300612 KAS04 -2 2.066E-07 0.0000001 •7.05218 0.429135 -8.607 •0.920
3300613 As04 -3 1.414E-11 0.0000000 •11.67609 0.149052 -19.871 3.430
3300614 HAsOSF - 6.692E-13 0.0000000 •12.26629 0.809373 3.832 0.000
3300615 As03F -2 1.449E-11 0.0000000 •11.20629 0.429135 -1.933 0.000
3301400 HC03 • 1.907E-07 0.0000002 •6.81154 0.809373 10.538 -3.617
3301401 H2C03 AQ 2.415E-08 0.0000000 •7.61096 1.014087 16.741 •2.247
3307320 NS04 - 3.824E-08 0.0000000 •7.50930 0.809373 1.943 4.910
Type 111 - SPECIES UITH FIXED ACTIVITY (fixed pH, fixed pe, infinite solids, gases, etc.)
ID NAME CALC MOL LOG MOL NEW LOCK DH
2 H20 -1.723E-05 •4.764 0.000 0.000
1 E-1 8.502E-05 •4.070 4.114 0.000
330 H+1 2.090E-05 •4.680 7.100 0.000
2812800 FE+3/FE+2 -8.167E-06 •5.088 13.326 •10.000
Type VI - EXCLUDED SPECIES (not included in note balance)
ID NAME CALC MOL LOG MOL NEW LOGIC ON
600610 AS03/AS04 3.330E-10 -9.478 20.327 -30.015
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PC NINTEQA2 v3.00 DATE OF CALCULATIONS: 21-MAR-92 TINE: 13:47: 0
PERCENTAGE DISTRIBUTION OF OONPONENTS AMONG TYPE I and TYPE II (dissolva
003*2 1.1 PERCENT BOUND IN SPECIES #4601401 NgHCQ3 ♦
2.8 PERCENT BOUND IN SPECIES #1501400 CaHCOS ♦
84.6 PERCENT BOUND IN SPECIES <3301400 NCOS -
10.7 PERCENT BOUND IN SPECIES #3301401 N2C0S AO
99.4 PERCENT BOUND IN SPECIES • 60
F-1 91.1 PERCENT BOUND IN SPECIES i 270 F-1
5.0 PERCENT BOUND IN SPECIES #4602700 #bf ♦
2.8 PERCENT BOUND IN SPECIES #1502700 CaF ♦
Cl-1 100.0 PERCENT BOUND IN SPECIES # 180 Cl-1
S04-2 68.5 PERCENT BOUND IN SPECIES # 732 S04-2
5.4 PERCENT BOUND IN SPECIES #4607320 MgS04 AQ
24.5 PERCENT BOUND IN SPECIES #1507320 CaS04 AQ
1.2 PERCENT BOUND IN SPECIES #5007320 NaS04 •
N03-1 100.0 PERCENT BOUND IN SPECIES # 492 N03-1
A1+3 1.6 PERCENT BOUND IN SPECIES # 303301 Al(0H)2 ♦
1.7 PERCENT BOUND IN SPECIES # 303302 Al(0H)4 -
6.6 PERCENT BOUND IN SPECIES # 302701 AIF2 ♦
60.3 PERCENT BOUND IN SPECIES # 302702 AIF3 AQ
8.4 PERCENT BOUND IN SPECIES # 302703 AIF4 -
20.8 PERCENT BOUND IN SPECIES # 303303 Al(0H)3 AQ
M3AS04 2.9 PERCENT BOUND IN SPECIES #4600610 MgHAs04 AQ
7.9 PERCENT BOUND IN SPECIES #1500610 CaHAs04 AQ
17.3 PERCENT BOUND IN SPECIES #2810612 FeAs04 0
51.8 PERCENT BOUND IN SPECIES #2810613 Fe(As042-3
3.6 PERCENT BOUND IN SPECIES #3300611 N2AS04 •
14.1 PERCENT BOUND IN SPECIES #3300612 HAS04 -2
Ba+2 100.0 PERCENT BOUND IN SPECIES # 100 Ba+2
Co+2 70.0 PERCENT BOUND IN SPECIES # 150 Ca+2
30.0 PERCENT BOUND IN SPECIES #1507320 CaS04 AQ
Cu*2 34.4 PERCENT BOUND IN SPECIES # 231 Cu*’2
2.3 PERCENT BOUND IN SPECIES #2313300 CuOH ♦
48.1 PERCENT BOUND IN SPECIES #2313301 Cu(0H)2 AQ
T-4128 214
Ft+2 75.0 PERCENT BOUND IN SPECIES # 280 F*+2
24.9 PERCENT BOUND IN SPECIES 82807320 F«S04 AO
Pb*2 38.4 PERCENT BOUND IN SPECIES # 600 Pb»2
3.0 PERCENT BOUND IN SPECIES #6001800 PbCl ♦
5.0 PERCENT BOUND IN SPECIES #6003300 PfaOH ♦
50.1 PERCENT BOUND IN SPECIES •6007320 PbS04 AO
3.4 PERCENT BOUND IN SPECIES •6007321 Pb(S04)2>2
*g*2 72.4 PERCENT BOUND IN SPECIES • 460 •*#♦2
27.2 PERCENT BOUND IN SPECIES •4607320 M9S04 AQ
Nn+2 72.6 PERCENT BOUND IN SPECIES • 470 Nn»2
26.5 PERCENT BOUND IN SPECIES •4707320 NnS04 AQ
■1*2 70.5 PERCENT BOUND IN SPECIES • 540 Mf+2
28.8 PERCENT BOUND IN SPECIES •5407320 NIS04 AQ
r+1 97.0 PERCENT BOUND IN SPECIES • 410 *♦1
3.0 PERCENT BOUND IN SPECIES •4107320 KS04 -
NX>1 97.5 PERCENT BOUND IN SPECIES • 500 Na+1
2.5 PERCENT BOUND IN SPECIES •5007320 NaS04 -
2n*2 63.9 PERCENT BOUND IN SPECIES • 950 Zn+2
31.8 PERCENT BOUND IN SPECIES #9507320 ZnS04 AQ
3.7 PERCENT BOUND IN SPECIES #9507321 Zn(S04)2~2
H20 3.6 PERCENT BOUND IN SPECIES # 303303 At (0103 AQ
76.9 PERCENT BOUND IN SPECIES #2813301 FeOH2 ♦
13.6 PERCENT BOUND IN SPECIES #2813302 FeOH3 AQ
2.9 PERCENT BOUND IN SPECIES #2813303 FeOH4 -
E-1 100.0 PERCENT BOUND IN SPECIES #4700021 Nn04 -2
IK1 1.1 PERCENT BOUND IN SPECIES #1500610 CaHAs04 AQ
3.0 PERCENT BOUND IN SPECIES # 303303 Al(0H)3 AQ
63.6 PERCENT BOUND IN SPECIES #2813301 FcOH2 ♦
11.3 PERCENT BOUND IN SPECIES #2813302 FeOH3 AQ
2.4 PERCENT BOUND IN SPECIES #2813303 FeOH4 -
3.7 PERCENT BOUND IN SPECIES #2810612 FeAs04 0
11.0 PERCENT BOUND IN SPECIES #2810613 Fe(As042r3
2.0 PERCENT BOUND IN SPECIES #3300612 HAs04 -2
F*+3 81.1 PERCENT BOUND IN SPECIES #2813301 FeOH2 ♦
9.6 PERCENT BOUND IN SPECIES #2813302 FeOH3 AQ
1.5 PERCENT BOUND IN SPECIES #2813303 FeOH4 -
3.1 PERCENT BOUND IN SPECIES #2810612 FeAs04 0
4.7 PERCENT BOUND IN SPECIES #2810613 Fe(A&042*3
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_____________________  PART 5 Of OUTPUT FILE ____________
PC MNTEQA2 v3.00 DATE OF CALCULATIONS: 21-MAR*92 TINE: 13:47: 2
EQUILIBRATED NASS DISTRIBUTION
1DX NAME DISSOLVED BOBBED PRECIPITATED
MOL/KG PERCENT NOL/KG PERCENT NOL/KG PERCENT
140 003-2 2.253E-07 100.0 0.000E-01 0.0 0.000E-01 0.0
60 N3As03 1.242E-05 100.0 O.OOOE-01 0.0 O.OOOE-OI 0.0
270 F-1 2.534E-04 100.0 O.OOOE-OI 0.0 O.OOOE-OI 0.0
180 Cl-1 6.11IE-03 100.0 O.OOOE-OI 0.0 0.000E-01 0.0
732 S04-2 1.869E-02 100.0 O.OOOE-OI 0.0 O.OOOE-OI 0.0
492 N03-1 1.618E-06 100.0 0.000E-01 0.0 0.000E-01 0.0
30 AU3 1.004E-06 100.0 0.000E-01 0.0 0.000E-01 0.0
61 HlArtVt 1.470E-06 100.0 0.000E-01 0.0 0.000E-01 0.0
100 Ba+2 1.344E-07 100.0 O.OOOE-OI 0.0 0.000E-01 0.0
150 Ca*2 1.526E-02 100.0 O.OOOE-OI 0.0 0.000E-01 0.0
231 Cu*2 7.892E-08 100.0 0.000E-01 0.0 0.000E-01 0.0
280 Fe+2 8.019E-05 100.0 0.000E-01 0.0 0.000E-01 0.0
600 Pb*2 4.642E-07 100.0 0.000E-01 0.0 0.000E-01 0.0
460 Mg+2 3.701E-03 100.0 0.000E-01 0.0 0.000E-01 0.0
470 Mn*2 8.453E-05 100.0 0.000E-01 0.0 0.000E-01 0.0
540 Ni+2 1.367E-07 100.0 0.000E-01 0.0 O.OOOE-OI 0.0
410 7.259E-04 100.0 0.000E-01 0.0 0.000E-01 0.0
500 N«+1 9.162E-03 100.0 0.000E-01 0.0 0.000E-01 0.0
950 Zn+2 5.033E-05 100.0 0.000E-01 0.0 O.OOOE-OI 0.0
2 K20 1.723E-05 100.0 0.000E-01 0.0 0.000E-01 0.0
1 E-1 -6.230E-54 100.0 0.000E-01 0.0 0.000E-01 0.0
330 H*1 -2.082E-05 100.0 0.000E-01 0.0 0.000E-01 0.0
281 Fe+3 8.167E-06 100.0 O.OOOE-OI 0.0 0.000E-01 0.0
CHARGE BALANCE: SPECIATED
SUN OF CATIONS « 3.67DE-02 SUM OF ANIONS 3.219E'02 
PERCENT DIFFERENCE » 6.550E+00 (ANIONS - CATIONS)/(ANIONS ♦ CATIONS)
NON-CARBONATE ALKALINITY * -3.489E-08
EQUILIBRIUM IONIC STRENGTH (■> « 6.075E-02
EQUIL1BRIUN pH « 7.100
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_____________________PART 6 of OUTPUT FILE_______ -
PC MINTEQA2 v3.00 DATE OF CALCULATIONS: 21-MAR-92 TINE: 13:47: 3
Saturation Indict* and stoichloaetry of all afnerals
ID * MANE Sat. Indtx Stoichioaetry (in parentheses) of each component
2003000 AL0H3CA) -1.849 ( 1.000) 30 ( 3.000) 2 ( -3.000)330
6003000 AL0MS04 -3.904 ( -1.000)330 ( 1.000) 30 ( 1.000)732 ( 1.000) 2
6003001 AL4(0H)10SO4 -1.856 (-10.000)330 ( 4.000) 30 ( 1.000)732 ( 10.000) 2
6041000 ALIM K -14.361 ( 1.000)410 ( 1.000) 30 ( 2.000)732 ( 12.000) 2
6041001 ALUNITE 0.375 ( 1.000)410 
( -6.000)330
( 3.000) 30 ( 2.000)732 ( 6.000) 2
6015000 ANHYDRITE -0.073 ( 1.000)150 ( 1.000)732
5015000 ARAGONITE •4.259 ( 1.000)150 ( 1.000)140
5046000 ARTINITE •12.284 ( -2.000)330 ( 2.000)460 ( 1.000)140 ( 5.000) 2
4210000 SAF2 -8.907 ( 1.000)100 ( 2.000)270
6010000 BARITE 0.661 ( 1.000)100 ( 1.000)732
2003001 BOEHMITE -0.079 ( -3.000)330 ( 1.000) 30 ( 2.000) 2
2046000 BRUCITE •6.292 ( 1.000)460 ( 2.000) 2 ( -2.000)330
5015001 CALCITE -4.079 ( 1.000)150 ( 1.000)140
2003002 DIASPORE 1.729 ( -3.000)330 ( 1.000) 30 ( 2.000) 2
5015002 DOLOMITE •8.838 C 1.000)150 ( 1.000)460 ( 2.000)140
6046000 EPSOMITE -2.980 ( 1.000)460 ( 1.000)732 ( 7.000)
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2028100 FERRIHYDRITE 2.608 ( -3.000)330 1.000)281 3.000) 2
2028101 FE3(OH)8 4.387 < -8.000)330 2.000)281 1.000)280 ( 8.000) 2
4128100 FE0H)2.7CL.3 7.717 ( -2.700)330 1.000)281 2.700) 2 ( 0.300)180
6028100 FE2(S04)3 •39.699 ( 2.000)281 3.000)732
4215000 FLUORITE 1.300 ( 1.000)150 2.000)270
2003003 6IB8SITE (C) •0.115 C -3.000)330 1.000) 30 3.000) 2
2003000 A1203 •4.327 C 2.000) 30 3.000) 2 -6.000)330
2028102 CQETMITE 6.574 C -3.000)330 1.000)281 2.000) 2
6015001 6TPSUN 6.256 C 1.000)150 1.000)732 2.000) 2
4150000 HALITE •6.002 ( 1.000)500 1.000)180
3028100 HEMATITE 18.100 ( -6.000)330 2.000)281 3.000) 2
5015003 HUNTITE •22.578 ( 3.000)460 1.000)150 4.000)140
5046001 HYDRHAGHESIT •33.900 ( 5.000)460 4.000)140 •2.000)330 ( 6.000) 2
6050000 JAROSITE HA 4.673 € -6.000)330 
€ 6.000) 2
1.000)500 3.000)281 ( 2.000)732
6041002 JAROSITE K 7.313 ( -6.000)330 
( 6.000) 2
1.000)410 3.000)281 ( 2.000)732
6028101 JAROSITE H 0.055 ( -5.000)330 3.000)281 2.000)732 ( 7.000) 2
3028101 MAGHEMITE 8.613 ( -6.000)330 2.000)281 3.000) 2
5046002 MAGNESITE •5.250 C 1.000)460 1.000)140
3028000 MAGNETITE 19.390 ( -8.000)330 2.000)281 1.000)280 ( 4.000) 2
6028000 MELANTERITE -4.297 ( 1.000)280 1.000)732 7.000) 2
6050001 MIRABIL1TE •4.874 ( 2.000)500 1.000)732 10.000) 2
3050000 NATRON -12.670 ( 2.000)500 1.000)140 10.000) 2
5046003 NESQUEHONITE -7.648 ( 1.000)460 1.000)140 3.000) 2
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S050001 TMERNONATR •14.647 C 2.000)500 1.000)140 ( 1.000) 2
5010000 VITNERITE -8.802 C 1.000)100 1.000)140
3047000 HAUSMANNITE -12.607 < -8.000)330 •2.000) 1 C 3.000)470
2047003 FYR0CR01TE -6.132 ( -2.000)330 1.000)470 < 2.000) 2
5047000 BHODOCMtOSIT -4.388 ( 1.000)470 1.000)140
4147000 NNCL2, 4820 -11.391 (* 1.000)470 2.000)180 ( 4.000) 2
0047000 MNS04 -9.964 ( 1.000)470 1.000)732
4123100 NELANOTHALLI •16.638 ( 1.000)231 2.000)180
5023100 •8.462 ( 1.000)231 1.000)140
4223100 CUF2 •15.162 < 1.000)231 2.000)270
4223101 CUF2, 2820 -10.949 ( 1.000)231 2.000)270 C 2.000) 2
2023100 CU(0H>2 •2.823 ( -2.000)330 1.000)231 ( 2.000) 2
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4123101 ATACAMITE -4.764 •3.000)330 ( 2.000)231 ( 3.000) 2 ( 1.000)180
5123100 CU2(0H)3N03 •10.202 •3.000)330 € 2.000)231 ( 3.000) 2 ( 1.000)492
6023100 ANTLERITE -5.953 •4.000)330 C 3.000)231 ( 4.000) 2 ( 1.000)732
6023101 ■ROCMANTITE •6.738 •6.000)330 ( 4.000)231 ( 6.000) 2 € 1.000)732
6023102 LAM6ITE -9.353 •6.000)330 C 4.000)231 ( 7.000) 2 ( 1.000)732
2023101 TENORITE •1.802 •2.000)330 ( 1.000)231 ( 1.000) 2
6023103 •16.505 •2.000)330 ( 2.000)231 ( 1.000) 2 ( 1.000)732
6023104 ClfSttt -13.738 1.000)231 ( 1.000)732
6023105 CHALCANTHITE -7.514 1.000)231 ( 1.000)732 ( 5.000) 2
5023100 GUPRICFERIT 14.247 •8.000)330 C 1.000)231 ( 2.000)281 ( 4.000) 2
95000 ZN METAL -39.927 1.000)950 ( 2.000) 1
4195000 ZMCL2 -17.016 1.000)950 ( 2.000)180
5095000 SMITHSONITE -5.146 1.000)950 ( 1.000)140
5095001 ZNC03, 1H20 -4.758 1.000)950 ( 1.000)140 ( 1.000) 2
4295000 ZNF2 -11.181 1.000)950 ( 2.000)270
2095000 ZN(0H}2 (A) -3.111 •2.000)330 ( 1.000)950 ( 2.000) 2
2095001 ZN(0H)2 (C) •2.861 •2.000)330 ( 1.000)950 ( 2.000) 2
2095002 ZN(0H)2 (B) •2.411 -2.000)330 ( 1.000)950 ( 2.000) 2
2095003 ZN(0H)2 (G) -2.371 •2.000)330 ( 1.000)950 ( 2.000) 2
2095004 ZN(0H)2 (E) -2.161 •2.000)330 ( 1.000)950 ( 2.000) 2
4195001 ZN2(OM)3CL -5.927 •3.000)330 ( 2.000)950 ( 3.000) 2 ( 1.000)180
4195002 ZN5(OH)8CL2 •10.614 •8.000)330 ( 5.000)950 ( 8.000) 2 ( 2.000)180
6095000 ZN2(0H)2S04 -5.281 •2.000)330 ( 2.000)950 ( 2.000) 2 ( 1.000)732
6095001 ZN4(0H)6S04 -7.502 -6.000)330 ( 4.000)950 c 6.000) 2 ( 1.000)732
5195000 ZNN03)2,6H20 -19.906 1.000)950 ( 2.000)492 ( 6.000) 2
2095005 ZN0(ACTIVE) -1.970 •2.000)330 ( 1.000)950 ( 1.000) 2
2095006 ZINCITE -2.443 •2.000)330 ( 1.000)950 ( 1.000) 2
6095002 ZN30(S04)2 -25.744 •2.000)330 ( 3.000)950 ( 2.000)732 ( 1.000) 2
6095003 ZINCOSITE -10.695 1.000)950 ( 1.000)732
6095004 ZNS04, 1H20 •6.864 1.000)950 ( 1.000)732 ( 1.000) 2
6095005 BIANCHITE •5.362 1.000)950 ( 1.000)732 ( 6.000) 2
6095006 GOSLARITE •5.066 1.000)950 ( 1.000)732 ( 7.000) 2
60000 PB METAL -19.604 1.000)600 ( 2.000) 1
4160000 COTUNNITE -6.794 1.000)600 ( 2.000)180
o o o MATLOCKITE -3.487 1.000)600 ( 1.000)180 ( 1.000)270
4160002 PHOSGENITE -9.193 2.000)600 ( 2.000)180 ( 1.000)140
5060000 CERRUSITE -4.002 1.000)600 ( 1.000)140
4260000 PBF2 -7.154 1.000)600 ( 2.000)270
2060000 MASSICOT -6.321 -2.000)330 ( 1.000)600 ( 1.000) 2
2060001 LITHARGE -6.119 -2.000)330 ( 1.000)600 ( 1.000) 2
6160000 SCHULTENITE •8.365 •2.000)330 ( 1.000)600 ( 1.000) 61
2060002 PBO# .3H20 -5.897 •2.000)330 ( 1.000)600 ( 1.330) 2
5060001 PB20C03 •10.029 •2.000)330 ( 2.000)600 ( 1.000) 2 ( 1.000)140
6060000 LARNAKITE -2.204 -2.000)330 ( 2.000)600 ( 1.000)732 ( 1.000) 2
6060001 PB302S04 •6.222 •4.000)330 ( 3.000)600 ( 1.000)732 ( 2.000) 2
6060002 PB403S04 •11.260 •6.000)330 ( 4.000)600 ( 1.000)732 ( 3.000) 2
5060002 PB302C03 -14.906 -4.000)330 ( 3.000)600 c 1.000)140 ( 2.000) 2
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4160004 PB2(0H)3CL •4.033 •3.000)330 ( 2.000)600 ( 3.000) 2 ( 1.000)180
5060003 HYDCERRUSITE •10.007 •2.000)330 ( 3.000)600 ( 2.000)140 ( 2.000) 2
2060005 PS20(0H)2 •12.035 •4.000)330 ( 2.000)600 ( 3.000) 2
6060004 PB4(0H)6SO4 •9.230 •6.000)330 ( 4.000)600 ( 1.000)732 C 6.000) 2
5054000 NIC03 -10.994 1.000)540 ( 1.000)140
2054000 NI(OH)2 -3.089 -2.000)330 € 1.000)540 ( 2.000) 2
6054000 NI4(0H)6S04 -21.197 -6.000)330 ( 4.000)540 ( 1.000)732 ( 6.000) 2
2054001 BUNSEMITE -6.337 •2.000)330 C 1.000)540 ( 1.000) 2
6054001 NETCERSITE -7.574 1.000)540 ( 1.000)732 ( 6.000) 2
6054002 NORENOSITE -7.200 1.000)540 C 1.000)732 € 7.000) 2
5023101 MALACHITE -7.105 2.000)231 C 2.000) 2 € 1.000)140 ( -2.000)330
5023102 AZUR1TE -13.697 3.000)231 ( 2.000) 2 ( 2.000)140 ( -2.000)330
3006000 ARSENOLITE •16.384 4.000) 60 ( -6.000) 2
3006001 CLAUDETITE -16.151 4.000) 60 € -6.000) 2
3006100 AS205 -31.413 2.000) 61 < -3.000) 2
7203000 ALAS04.2W -7.752 1.000) 30 ( 1.000) 61 ( 2.000) 2 ( -3.000)330
7215000 CA3(AS04)26tf -11.274 3.000)150 ( 2.000) 61 ( 4.000) 2 ( -6.000)330
7223100 CU3(AS04)26U •11.859 3.000)231 ( 2.000) 61 € 2.000) 2 ( -6.000)330
7228100 FEAS04.2W -5.179 1.000)281 ( 1.000) 61 ( 2.000) 2 ( -3.000)330
7247000 MN3AS0428U -7.657 3.000)470 ( 2.000) 61 ( 8.000) 2 ( -6.000)330
7254000 NI3(AS04)28U •19.810 3.000)540 < 2.000) 61 ( 8.000) 2 ( -6.000)330
7260000 PB3(AS04)2 -9.107 3.000)600 ( 2.000) 61 ( •6.000)330
7295000 ZN3AS0422.5U -10.187 3.000)950 ( 2.000) 61 ( 2.500) 2 ( -6.000)330
7210000 BA(AS04)2 5.314 3.000)100 ( 2.000) 61 ( •6.000)330
2015000 LINE -22.297 •2.000)330 ( 1.000)150 ( 1.000) 2
2015001 PORTLANDITE -11.717 -2.000)330 ( 1.000)150 ( 2.000) 2
2028000 UUSTITE -2.563 •2.000)330 ( 0.947)280 ( 1.000) 2
2046001 PERICLASS -11.312 -2.000)330 ( 1.000)460 ( 1.000) 2
3028001 HERCYNITE -1.202 •8.000)330 ( 1.000)280 ( 2.000) 30 ( 4.000) 2
3046000 SPINEL •9.040 •8.000)330 ( 1.000)460 ( 2.000) 30 ( 4.000) 2
3046001 MAG-FERRITE 7.535 •8.000)330 ( 1.000)460 ( 2.000)281 ( 4.000) 2
4250000 CRYOLITE •8.956 1.000) 30 ( 3.000)500 ( 6.000)270
3028102 LEP1DOCROC1T 6.128 •3.000)330 ( 1.000)281 ( 2.000) 2
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